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ABSTRACT

FABRICATION OF ULTRAFINE STRUCTURES AND FUNCTIONAL
SURFACES OVER LARGE AREAS
SEPTEMBER 2016
YINYONG LI, B.S., ZHEJIANG UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Kenneth R. Carter

Micro-/nanofabrication finds wide use in the preparation of patterned surfaces, which
are of vital importance in the applications of functional surfaces, electronics, optics, and
sensors. This dissertation will present the preparation of ultrafine structures and
functional surfaces over large areas utilizing a combination of top-down lithography
technique and bottom-up wrinkling method.
First, a simple, scalable and cost-effective spacer lithography approach utilizing
polydopamine coating technique was developed for the fabrication of well-controlled
nanopatterns with feature size in the sub-20 nm scale. Briefly, a thin layer of
polydopamine (PDA) was conformally deposited on the sidewalls of pre-patterned poly
(methyl methacrylate) (PMMA) features to form a spacer layer. After etching the PDA
film on the horizontal surfaces and removing the PMMA resist, only the PDA spacer was
left on the substrate, forming a new pattern. The pattern density of the new features was
doubled and the feature size was well tuned to a sub-20 nm scale.
vii

We also utilized a bottom-up wrinkling technique to spontaneously pattern and
functionalize polymer films. Through a reactive silane-infusion induced surface
instability, wrinkled patterns with tunable wavelengths were easily produced over large
areas and the surface chemical functionality of the wrinkles was well-tuned by the
infusion of different functional silanes. Hierarchically wrinkled patterns with micro/nano
structure were achieved by combining wrinkling with nanoimprint lithography. The
hierarchically wrinkled surfaces exhibited superhydrophobicity with water contact angles
higher than 160° and water sliding angle lower than 5°.
To scale up these patterned functional surfaces over large areas, roll-to-roll
nanoimprint lithography technique was investigated for the continuous fabrication of
superhydrophobic surfaces and lubricant infused patterned surfaces based on
hierarchically wrinkled surfaces. These functionally patterned surfaces displayed
self-cleaning properties to a variety of liquid contaminations and anti-biofouling
properties when challenged with Escherichia coli bacteria. This study suggested a
potential transformation of artificial biomimetic structures from small, lab scale coupons
to low cost, large area platforms.
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CHAPTER 1

INTRODUCTION

1.1. Overview
Patterned surfaces with features in the micro-/nanoscale have special functionalities,
which are especially advantageous in the realm of biology. For example, periodical
structures contribute to the structural colors, creating a camouflage for the butterflies that
helps them evade from predators.1-3 Another example is the regular micro-structures of
shark skin which reduce turbulent drag and friction between the skin and water, as well
as keeping the shark skin free from bio-fouling.4-6 These special functions arising from
unique surface patterns are essential for the survival of creatures in nature.
Inspired by nature, a great number of applications for patterned structures in the fields
of electronics, optics, fluidics, functional surfaces, chemical/biomedical devices,
magnetic/mechanical devices, etc. have been developed.7 Micro-/nanofabrication
techniques, encompassing micromachining, lithography, self-assembly, etc., are widely
adapted for the creation and manufacturing of features in the range of nanometers to
millimeters.8
The objective of this thesis dissertation is to utilize novel micro-/nano-fabrication
techniques for the preparation of hierarchical structures and functional surfaces over
large areas. The targets comprise the following three major parts:
 To investigate pattern fabrication techniques
•

Lithography, including nanoimprint lithography and spacer lithography
1

•

Spontaneous wrinkling

•

Combination of lithography and wrinkling

 To correlate the surface structures with surface functionalities
•

Superhydrophobic surfaces

•

Slippery lubricant infused surfaces

 To fabricate functional surfaces on large areas using roll-to-roll imprint
lithography.
This introduction chapter is an overview of the thesis and a brief summary of
nanoimprint lithography, spacer lithography, spontaneous wrinkling, roll-to-roll
nanoimprint lithography, superhydrophobic surfaces, and slippery lubricant infused
surfaces.
Chapter 2 presents a simple spacer lithography approach utilizing polydopamine
coating technique for the fabrication of sub-20 nm patterns. Poly (methyl methacrylate)
(PMMA) films were patterned by nanoimprint lithography to generate resist features. A
thin layer of polydopamine (PDA) was conformally deposited on the PMMA pattern
sidewalls to form a spacer layer. After etching away PDA layer on the horizontal surfaces
and removing the PMMA resist, free-standing PDA sidewall patterns remained with
doubled pattern density and smaller sizes than the initial resist structures. The feature size
of the PDA patterns can be tuned to around 20 nm by controlling PDA coating conditions
and further reduced to around 13 nm by high temperature carbonization. Moreover,
well-tuned rhombus ring features were fabricated by this technique to demonstrate its
capacity for creating complex patterns. This work represents a scalable and cost-effective
2

technique for preparing well-controlled nanopatterns.
Chapter 3 investigates a method for simultaneously patterning and functionalizing thin
poly(2-hydroxyethyl methacrylate) films through a reactive silane infusion based
wrinkling. Wrinkled patterns, with tunable wavelengths on submicron size, were easily
produced over large area surfaces and can express a wide variety of surface chemical
functionalities. The characteristic wavelength of wrinkling scales linearly with initial
film thickness. Results from X-ray photoelectron spectroscopy indicate the wrinkled
films are composed of two layers: a gradient crosslinked top layer and a uniform
un-crosslinked bottom layer. The surface chemical properties of wrinkles can be easily
tuned by infusion of different functional silanes. Hierarchically wrinkled patterns with
micro/nano structure can be achieved by combining wrinkling with other simple
lithography methods. Wrinkled nanopatterns can be used as molds to transfer their
topology to a variety of other materials using nanoimprint lithography.
Chapter 4 reports the creation of superhydrophobic wrinkled surfaces with hierarchical
structures at both the nanoscale and microscale. A nanoscale structure with 500 nm line
gratings was first fabricated on poly (hydroxyethyl methacrylate) films by nanoimprint
lithography while a secondary micro-scale structure was created by spontaneous
wrinkling. Compared with random wrinkles whose patterns show no specific orientation,
the hierarchical wrinkles exhibit interesting orientation due to confinement effects of
pre-imprinted line patterns. The hierarchically wrinkled surfaces have significantly
higher

water

contact

angles

than

random

wrinkled

surfaces,

exhibiting

superhydrophobicity with water contact angles higher than 160° and water sliding angle
3

lower than 5°. The hierarchically structured wrinkled surfaces present tunable wettability
from hydrophobic to superhydrophobic and there is an observed transition from
anisotropic to isotropic wetting behavior achievable by adjusting the initial film
thickness.
Chapter 5 describes the fabrication and advanced functionality of large area
biomimetic superhydrophobic surfaces (SHS) and slippery lubricant infused porous
surfaces (SLIPS).

The use of roll-to-roll nanoimprinting techniques enabled the

continuous fabrication of SHS and SLIPS based on hierarchically wrinkled surfaces.
Perfluoropolyether (PFPE) hybrid molds were used as flexible molds for roll-to-roll
imprint of a newly designed thiol-ene based photopolymer resin coated on flexible
polyethylene terephthalate (PET) films. The patterned surfaces exhibit feasible
superhydrophobicity with a water contact angle around 160°, without any further surface
modification. The SHS can be easily converted into SLIPS by roll-to-roll coating of a
fluorinated lubricant, and these surfaces have outstanding repellence to a variety of
liquids. Furthermore, both SHS and SLIPS display anti-biofouling properties when
challenged with Escherichia coli K12 MG1655. The current report describes the
transformation of artificial biomimetic structures from small, lab scale coupons to low
cost, large area platforms.
The final chapter will summarize the four different but inherently correlated projects in
this dissertation and present future outlook for extended and potential research
opportunities in the related areas.

4

1.2. Micro- and Nano-fabrication
Micro-

and

photolithography,

Nano-fabrication
nanoimprint,

involves

a

self-assembly,

variety of
sol–gel

techniques,

such

nanofabrication,

as
and

micromachining, for the fabrication of micro- / nano-scaled features, which are the core
technology in the application of electronic devices, sensors, optics, functional surfaces,
biomedical devices, and micro-/ nano-fluidics.8-10
Broadly, micro- and nano-fabrication can be divided into two categories: “top-down”
approaches and “bottom-up” strategies. Top-down approaches apply external controlled
fabrication tools to pattern or remove/etch away part of the materials to create
nano/micro scaled structures. Conventional top-down fabrications include optical
lithography, electron-beam lithography, nanoimprint lithography, scanning probe
lithography, and soft lithography. Conversely, bottom-up strategies use components at the
molecular or atomic scale to develop complicated assemblies on the nano/micro scale.
General bottom-up technologies involve molecular self-assembly, atomic layer
deposition, sol–gel nanofabrication, chemical vapor phase deposition of nanomaterials,
and harnessing surface instabilities.11, 12
While top-down methods offer high fidelity and versatility for pattern fabrication,
these approaches are typically not cost-effective to patterns at the smallest dimensions.
On the contrary, bottom-up techniques have the capability to fabricate patterns with very
small periodicities, but generally suffer from defects and fall short in reproducibility on
large scale.7,

12

The combination of top-down and bottom-up approaches takes

advantages of both techniques and opens up new opportunities for the fabrication of
5

complex hierarchical structures.13, 14

1.2.1. Nanoimprint lithography

Nanoimprint lithography (NIL) has become an emerging top-down lithography
technique widely used for the fabrication of ultrafine patterns, due to its low cost, high
throughput, high fidelity, and high resolution. NIL enables the fast replication of surface
patterns repeatedly on large areas with identical structures and feature sizes as small as
sub-10 nm scale.15,

16

In general, thermal nanoimprint lithography and UV-assisted

nanoimprint lithography are two representative approaches of NIL. 17-19
Thermal nanoimprint lithography (TNIL), also known as thermal embossing, is
applied for patterning thermoplastic polymers. TNIL involves the use of hard mold,
which is pre-patterned with desired features using other lithography techniques, such as
photolithography and E-beam lithography. The mold material, either silicon, silicon
nitride or silicon dioxide, is intrinsically hydrophilic and has high surface energy, which
makes it difficult to separate from polymer resists. To ensure the easy release and
re-usability of the mold, the surface of the mold is general modified by a thin layer of
low surface energy material, such as perfluorodecyltrichlorosilane, prior to imprint.
In a TNIL process shown in Figure 1.1, a layer of thermoplastic polymer is coated on
the substrate. After removal of residual solvent, this thermoplastic polymer resist is
heated to a temperature higher than its glass transition temperature (Tg) and the polymer
becomes soften. The mold is impressed into the resist under pressure (usually in the
range of 20–100 bar), which ensures the softened resist flows to fill the nanoscale

6

features on the mold.20 Once the voids of the mold are fully filled with resist, the
temperature is reduced to lower than Tg, followed by releasing the pressure. Then the
imprinted patterns can be separated from the mold and the mold can be repeatedly used
for the next cycle. Typically, any residual layer on the trench area of the imprinted
patterns needs to be removed by reactive ion etching (RIE).

Figure 1.1. Schematics of Thermal Nanoimprint Lithography (left) and UV-assisted
Nanoimprint Lithography (right).
UV-assisted nanoimprint lithography (UV-NIL) applies UV light to cure a liquid
photoresist. Therefore, compared with the TNIL process which is generally conducted
under high pressure and high temperature, UV-NIL is able to shape a curable photoresist
at room temperature and moderate pressure. In order to cure the resist, UV radiation
should pass through the mold or the substrate and reach the photopolymer resist, which
requires either the mold or the substrate to be UV transparent. The mold consists of a
variety of materials, such as quartz, fused silica, and selected polymers, including
crosslinked polydimethylsiloxane (PDMS) or poly(ethene-co-tetrafluoroethene). In a

7

process similar to TNIL, UV-NIL impresses a mold into pre-spun liquid resin layer using
slight pressure and the capillary forces ensure that the nano-features are filled with the
resist. Then the resin is cured by UV radiation and released from the mold. Depending on
the final application, RIE might be required for removal of any residual layer.
Roll-to-roll nanoimprint lithography (R2R NIL): Even though traditional NIL
technique has fast speed and large area fabrication capability, it is processed
batch-by-batch in a discontinuous way. To reach the full potential of NIL, it may be
desired to pattern features continuously over larger area with inexpensive and fast
processes. First introduced as “roller nanoimprint lithography”, 21 R2R NIL has emerged
over the last decade to be a very effective method of NIL for the continuous fabrication
of nano-scale patterns on large area flexible substrates.22-24 R2R NIL not only inherits the
high fidelity and high resolution features from conventional NIL, but also requires much
less pressure for the imprint and dramatically increases the throughput.25, 26
Different from conventional NIL which in some cases uses hard molds, R2R NIL
often utilizes flexible molds. Since R2R NIL is processed continuously, the molds are
repeatedly cycled, which requires reliable, durable and low surface energy mold
materials. Fluoropolymers, such as poly(ethene-co-tetrafluoroethene), crosslinked
perfluoropolyether (PFPE) acrylates, have been used as R2R molds, due to their intrinsic
low surface energy and robustness.26 A R2R NIL instrument is displayed in Figure 1.2a.
A typical R2R NIL process involves a substrate surface treatment, resist coating,
imprinting, curing, and demolding as shown in Figure 1.2b. Due to its outstanding
capabilities, R2R NIL will likely evolve to be a versatile manufacturing platform for
8

large scale fabrication of sensors, light-emitting diode, transistors, solar cells, etc.24, 25

Figure 1.2. (a) a R2R nanoimprinter, (b) schematics of R2R NIL process.
( Figure adapted from John et al.26).
Overall, NIL represents a simple, fast, high-resolution pattern transfer method,
which has many advantages over traditional lithography approaches. Various optical,
electronic, magnetic, and bio-devices with micro- and nano-features fabricated by NIL
have found significant applications in solar cells, light-emitting device, transistors
sensors, microfluidics, and functional surfaces. 27

1.2.2. Spacer lithography

Spacer lithography, also referred to as self-aligned doubled patterning, spacer
patterning or spatial frequency doubling, is a lithography technique utilizing spacer to
double the pattern density of the features.28 The spacer is a thin film layer deposited on
the sidewall of the features. Take Figure 1.3 as a general example. A thin layer of silicon
nitride is deposited on pre-patterned silicon dioxide features by chemical vapor
deposition. After removal of the silicon nitride top layer on the horizontal surfaces, the
pre-patterned silica feature is etched off, leaving the spacer on the silicon substrate,
which works as mask for further silicon etching. Besides its ability to double the pattern
9

density, spacer lithography is capable of fabricating features with resolutions as small as
10 nm. Spacer lithography can be applied for the fabrication of structures with simple
processes and fast speed.

Figure 1.3. Schematic of spacer lithography: (a) pre-patterned feature fabrication, (b)
spacer deposition, (c) removal of deposited film on horizontal surfaces (d) removal
of pre-patterned features, (e) substrate etching.
( Figure adapted from Yu et al.28 ).
1.2.3. Spontaneous wrinkling

Figure 1.4. Schematic of wrinkling a bilayer film system.
( Figure adapted from Yang et al. 29).
Spontaneous wrinkling is a special type of bottom-up fabrication techniques for
surface patterning.7, 30 Wrinkles arise from surface instabilities/deformation when a thin
10

film is exposed to strain larger than a certain critical value. The strain can be either
induced in bilayer film system by mechanical compression,31-33 solvent swelling,34-36 or
heating.37, 38
For a typical bilayer wrinkling system shown in Figure 1.4, the characteristic
parameters, wrinkle wavelength (𝜆0 ) and amplitude (𝐴), are dependent on the mechanical
properties of the two layers of film, and the top layer’s film thickness. The 𝜆0 can be
predicted as:39-41
Equation 1.1

𝐸

𝜆0 = 2𝜋𝑡( 𝐸𝑓 )

1⁄
3

𝑠

where 𝐸𝑓 and 𝐸𝑠 are the modulus of the film and substrate, respectively. The amplitude
of the wrinkle is given by:
Equation 1.2

𝜀

𝐴 = 𝑡(𝜀 − 1)

1⁄
2

𝑐

where 𝜀 is the applied strain and 𝜀𝑐 is the critical strains, defined as
Equation 1.3

1 3𝐸𝑠

2⁄
3

𝜀𝑐 = − 4 ( 𝐸 )
𝑓

Swelling, alternatively, is an effective method to induce wrinkles on hydrogels with
gradationally swollen systems or bilayer films.36, 42, 43 When an elastoplastic film fixed on
a rigid substrate swells in solvent, the expansion of volume exerts an osmotic pressure on
the film. Because the bottom of the film is confined by the substrate, the gel is only
allowed to swell in the perpendicular direction while the lateral expansion is prohibited,
which results in a compression stress on the surface of film, leading to the buckling
(Figure 1.5).29, 41, 44 The wavelength of wrinkle can be expressed as:
Equation 1.4

𝐸

𝜆 = (𝐸𝑡 )
𝑏

1⁄
4 ℎ
√3

where ℎ is the total film thickness, 𝐸𝑡 and 𝐸𝑏 are the modulus of the top and bottom
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layer, respectively. The wavelength of the winkle is determined to scale linearly with film
thickness. 39

Figure 1.5. Schematic of wrinkling by swelling.
( Figure adapted from Yang et al. 29).
Compared with most lithography techniques, the wrinkling method can be easily
scaled up to generate surface patterns over a large area, while controlling the wavelength
from sub-100 nms to hundreds of microns.7,

45

Moreover, complex multi-scale

hierarchical structures with wrinkles have been fabricated by sequential wrinkling,30 or
wrinkling directed by wrinkled templates,46 as well as incorporating nanopatterns,
micropillars,

48

nanopillars,

49

or silica nanoparticles.50

47

By controlling structures and

multiscale size, well-tuned wrinkles have proven great potential in applications for
microfluidics,51 smart adhesion,52 colloidal crystal assembly,53 optical devices,54,

55

flexible electronics,56, 57 and functional surfaces.58-60
1.3. Surface wettability
Wettability is a surface property, that plays a significant role in surface functionality
such as fluid transport, vapor condensing, fouling resistance, and contamination
removal.61 Surface wettability can be primarily characterized by the contact angle (CA)
12

of a liquid droplet. When water contact angle (WCA) is less than 90º, a surface is
referred to as hydrophilic, which suggests that the surface favors the spread of water. On
the other hand, if water cannot wet the surface well and the WCA is higher than 90º, the
surface is called hydrophobic. The same definition can extend to oils, where
oleophobic/oleophilic is used to express the wettability in these cases.

Figure 1.6. Wetting state
When a droplet of liquid contacts a solid surface, the interfacial energies among liquid,
solid and air, that is, liquid-vapor (𝛾𝑙𝑣 ), solid-vapor (𝛾𝑠𝑣 ), and solid-liquid (𝛾𝑠𝑙 ),
determine the wetting condition and shape of droplet (Figure 1.6). The equilibrium
boundary condition is given by Young’s equation62:
Equation 1.5

cos 𝜃0 = (𝛾𝑠𝑣 − 𝛾𝑠𝑙 )/𝛾𝑙𝑣

Young’s equation assumes the surface is perfectly rigid and flat. However, in most
cases, surfaces are non-ideal and rough. To address influence of surface roughness on
wetting condition, Wenzel developed a simple model referred to as the “Wenzel model”
(Figure 1.7), which assumes a homogeneous solid–liquid interface 63:
Equation 1.6

cos 𝜃 = 𝑟cos 𝜃0

where 𝜃 is the apparent contact angle, 𝜃0 is the ideal Young contact angle on flat
surface, and 𝑟 is the roughness ratio, defined as the ratio of real surface area to flat
surface area. Since 𝑟 > 1, for hydrophilic surface (𝜃𝑓𝑙𝑎𝑡 < 90°), surface roughness
13

decrease the apparent contact angle, therefore enhances hydrophilicity. On the other hand,
while 𝜃𝑓𝑙𝑎𝑡 > 90° in the case of hydrophobic surfaces, surface roughness increases the
apparent contact angle, which results in stronger hydrophobicity.

Figure 1.7. Wenzel model
When the solid surface is hydrophilic or slightly hydrophobic, the Wenzel model can
predict the wetting conditions very well, where the rough solid surface is homogeneously
wetted by liquid. However, the Wenzel model is not sufficient to describe a surface with
high roughness (𝑟 ≫ 1) and heterogeneous composite interface.64 The heterogeneous
surface with air pockets entrapped between the solid and liquid phases, gives rise to a
composite interface (Figure 1.8), which can be explained by the Cassie–Baxter model 65,
66

:
Equation 1.7

cos 𝜃 = 𝑟𝑓 𝑓cos 𝜃0 + 𝑓 − 1

where 𝑓 is the fraction of solid surface in contact with the liquid, 𝑟𝑓 is the roughness
ratio of the wet solid surface. Indicated by the Cassie–Baxter model, increases of flat
surface contact angle and surface roughness and decreases of the wetting area (namely
the increases of the air pockets at the interface) can enhance the hydrophobicity of a
surface.
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Figure 1.8. Cassie–Baxter model.

The Wenzel and Cassie equations can be plotted, as in Figure 1.9. The intersection of
the two plots corresponds to a transition from the Wenzel state to the Cassie state. The
threshold value 𝑐𝑜𝑠 𝜃𝑐 is expressed as
Equation 1.8

𝑓−1

𝑐𝑜𝑠𝜃𝑐 = 𝑟−𝑓

Since 𝑓 < 1 and 𝑟 > 1, 𝑐𝑜𝑠𝜃𝑐 < 0 and 𝜃𝑐 > 90° . Therefore, to achieve a stable
Cassie state with stabilized air pockets, the Young’s contact angle 𝜃0 should be larger
than 𝜃𝑐 . The dotted line in the Figure 1.9 (90° < 𝜃0 < 𝜃𝑐 ) is attributed to the metastable
Cassie state, where the surface is moderately hydrophobic.

Figure 1.9. Transition from the Wenzel state to the Cassie state.
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Due to surface roughness and heterogeneity, the liquid-solid contact line tends to be
pinned on the surface before it starts to move. The pinning effect gives rise to contact
angle hysteresis. Advancing contact angle (𝜃𝐴 ) is the maximal contact angle when liquid
is added successively to a droplet sitting on the solid surface, while the receding contact
angle (𝜃𝑅 ) is the minimal contact angle when the liquid is removed from the droplet on
the solid surface (Figure 1.10). 𝜃𝐴 is always larger than 𝜃𝑅 and the difference between
𝜃𝐴 and 𝜃𝑟 is defined as contact angle hysteresis. Reducing the adhesion energy between
liquid and solid as well as minimizing the liquid-solid contact area leads to lower contact
angle hysteresis. Low contact angle hysteresis gives rise to low liquid sliding, which is
critical for self-cleaning properties of surface.67, 68

Figure 1.10. Measurement of advancing contact angle and receding contact angle.

1.3.1. Superhydrophobic surfaces
A superhydrophobic surface is defined as a surface with a water contact angle greater
than 150º and low contact angle hysteresis. The study of superhydrophobic surfaces has
been inspired by natural phenomena, such as water repellence of lotus leaves and
“walking on water” ability of water striders.69 Many other natural species, such as
dragonfly’s wings, rose petals, cicada’s wings, and peacock’s feathers, also exhibit
16

superhydrophobicity, which is critical for their survival in nature.19 Investigations of
these surfaces have revealed the presence of micro/nanostructures over the surfaces. the
combination of such hierarchical roughness with low surface energy contributes to the
superhydrophobicity.69-71 A great number of approaches have been applied for the
fabrication of superhydrophobic surfaces, using both top-down and bottom-up
approaches or a combination of these two kinds of techniques. Top-down approaches
include photolithography, plasma treatment, templating, and electrospinning while
bottom up approaches utilize layer-by-layer deposition, colloidal assemblies, sol-gel
processes, and surface instabilities.29, 42, 69, 70

Figure 1.11. Schematic of self-cleaning property of superhydrophobic surfaces.
A wide range of applications has been proposed for superhydrophobic surfaces,
including self-cleaning coatings, anti-freezing coatings, oil spill remediation, oil-water
separation, microfluidics, anti-corrosion coatings, and anti-biofouling coatings.59, 72,

73

Specifically, the self-cleaning applications are directly related to the intrinsic property of
superhydrophobicity. The mechanism self-cleaning on superhydrophobic surface is
shown in Figure 1.11. Since the surface is repellent to water, water forms a spherical
droplet, which can pick up contaminants as it slides and roll off the surface.
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1.3.2. Slippery lubricant infused surfaces
Though ultra-repellent to water, superhydrophobic surfaces are not necessarily
repulsive to many low surface tension liquids and complex mixtures, which render these
surface vulnerable to oil pollution or water/oil mixtures contamination.74 Inspired by the
pitcher plant, slippery lubricant infused porous surfaces (SLIPS) present excellent
repellent behavior to various liquids with surface tension as low as 17.2 mN/m
(n-pentane).75 SLIPS are prepared by the infusion of a layer of lubricant into porous or
patterned hydrophobic surfaces. Unlike superhydrophobic surfaces, which rely on
composite solid–air interface contact line deformation to achieve the self-cleaning effect,
SLIPS present a different concept to achieve ultraphobic surfaces. The porous surfaces
are infused and covered with a lubricant, and due to the immiscibility between the
lubricant and the challenging liquid droplet, the solid surface and the liquid droplet are
not in direct contact with each other. Therefore the pinning of liquid contaminants on a
solid surface is completely eliminated and the liquid droplet can move easily on SLIPS
with extremely low hysteresis, allowing self-cleaning of the surface. In addition to
excellent self-cleaning property, SLIPS also exhibit exceptional anti-ice, anti-frost,
anti-fog, and anti-biofouling properties, which may find significant applications in
biomedical devices, self-cleaning coatings, aircraft anti-ice coatings, etc.76-79
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CHAPTER 2

SPACER LITHOGRAPHY BASED ON DOPAMINE COATING FOR THE
FABRICATION OF SUB-20 NM PATTERNS

2.1. Introduction
The ability to fabricate nanometer-scale patterns is of crucial importance in
nanotechnology. In order to push resolution limits to sub-optical wavelength, many
efforts have been demonstrated, including: electron-beam lithography,1,

2

extreme

ultraviolet interference lithography,3, 4 and nanoimprint lithography,5, 6 However, most of
these techniques suffer from either complex processes, expensive facilities, low
throughput and/or limitation to increasing pattern density.
Spacer lithography, also known as spatial frequency doubling, is a technique capable
of fabricating sub-100 nm patterns with doubled pattern densities over large areas.7, 8
Spacer lithography involves the deposition of a spacer layer on the sidewall of
pre-patterned features (prepared either by interference lithography9 or nanoimprint
lithography10), plasma etching of the spacer materials on the horizontal surfaces,
followed by removal of the pre-patterned PMMA features. Conventionally, the spacer is
formed by either metal sputtering,11 chemical vapor deposition,7 or atomic layer
deposition (ALD).9 ALD is widely utilized for spacer lithography due to its conformal
and uniform coating as well as precise control of thickness.9,

12-15

However, ALD

demands complicated, expensive instruments, high purity of precursors and substrates,
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and extensive removal of excess precursor and by-product. Moreover, depositing films
tens of nanometers thick by ALD requires hundreds of deposition cycles, resulting in
relatively low deposition speed and tedious work.16 All these limitations restrict the
broader applications of ALD in spacer lithography.
Inspired by the mussel, which expresses 3,4-dihydroxy-L-phenylalanine (DOPA) and
lysine-enriched proteins to help it tightly attach to various surfaces, even in wet aqueous
environments, researchers have employed similar molecules, dopamine and its
derivatives, as functional adhesives and coatings.17-19 Under alkaline conditions,
dopamine can be oxidized in air and self-polymerize to form polydopamine (PDA)
coatings (Figure 2.1a). The reaction condition is mild and does not required harsh
conditions or complicated processing equipment. Therefore dopamine-based chemistry is
compatible with most materials and surfaces and has proven its versatility as a substrate
independent PDA-coating technique.17, 20
By tuning the dopamine concentration, uniform PDA thin films with controlled
thicknesses can be conformally deposited on virtually any surface through a one-step
coating process.21, 20 The capability to coat isotropically over the periphery of any pattern
makes PDA coating a viable alternative to ALD layers for spacer lithography. While
processes such as ALD can coat robust, etch resistant films such as Al2O3, the high
phenolic content of PDA similarly can imparts excellent plasma resists properties akin to
Novolak resins used as photoresists today. Because PDA can be coated under mildly
alkaline conditions at room temperature and does not require costly facilities or high
purity chemicals, the PDA coating can be considered as a much simpler, more feasible,
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and cost-effective conformal coating process than ALD.
In this thesis, a robust spacer lithography technique is described and used to fabricate
sub-20 nm structures on a wafer scale (2 x 2 cm2) using mussel-inspired dopamine
chemistry. PMMA thin films were pre-patterned by nanoimprint lithography to form
grating structures. After removing the residual PMMA layer in the trench area, a thin
layer of PDA was directly deposited on the surface of the PMMA lines by
self-polymerization under mildly alkaline conditions. By etching the top-layer of PDA
from the horizontal surfaces and removing the PMMA resist, free-standing PDA sidewall
patterns were achieved with doubled pattern density and feature sizes of around 20 nm.
Furthermore, we demonstrate the use of this dopamine chemistry inspired spacer
lithography in the fabrication of complex, ultrafine rhombus ring nano-structures.
2.2. Experimental
2.2.1. Materials.
All reagents were used as received unless otherwise specified. Dopamine
hydrochloride (99%) and tris(hydroxymethyl)aminomethane (Tris) were purchased from
Alfa Aesar (Ward Hill, MA). Ethyl acetate and anisole were purchased from Acros
Organics (Morris Plains, NJ). Poly(methyl methacrylate) (PMMA, Mw= 75,000) was
purchased from Scientific Polymer Products, Inc. Silicon wafers (5 inch, n-type, As
doped, [100], thermal oxide 3.5 ± 0.5 µm thick) were purchased from El-Cat, Inc. A
thermally cross-linkable polydimethylsiloxane formulation, Sylgard 184 elastomer
mixture kit was purchased from Fisher Scientific (Fair Lawn, NJ).
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2.2.2. Nanoimprint.
NIL molds consisting of “hardened”, crosslinked polydimethylsiloxane elastomer
(h-PDMS) were replicated from silicon master molds using a previously described
method.22, 23 Silicon wafers were rinsed with hexanes, acetone, and ethanol and dried
under nitrogen, followed by exposure to oxygen plasma for 5 minutes using a Phantom
III ICP reactive ion etcher (RIE) (Trion Technology, Inc). PMMA was spin-coated onto
the clean silicon wafers from anisole solution (3 wt.% of PMMA) at 3000 rpm for 60 s.
The as-spun PMMA films were baked on hot plate at 100 °C for 30 min to remove
residual solvent, which gave a film thickness of ~ 59 nm. A Nanonex NX-2000
nanoimprintor was used to imprint PMMA films using the h-PDMS molds at 140 °C with
pressure of 300 psi for 2 min. The h-PDMS mold was released from the surface, leaving
a patterned PMMA layer. The residual scum layer of PMMA (with estimated thickness
around 4 nm) after imprint was removed by mild oxygen plasma (Pressure: 4 mTorr,
power: 40 W, O2 flow rate: 50 sccm) using a STS Vision 320 RIE System.

2.2.3. Polydopamine coating and etching.
The patterned PMMA films (after imprinting and etching) were placed in a dopamine
hydrochloride (0.4 mg·mL-1) solution in pH 8.5 (10 mM TRIS buffer) for 12 h. The
resulting PDA-coated films were then rinsed with DI water and dried under nitrogen. The
PDA coating process was repeated if thicker films were desired. Oxygen plasma
(pressure: 4 mTorr, power: 40 W, O2 flow rate: 50 sccm) was applied to remove the top
layer of the PDA film and expose the underlying PMMA lines. The exposed PMMA lines
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were dissolved in ethyl acetate and the PDA sidewalls were obtained with a pattern
density double of the initial PMMA patterns. The PDA lines were further carbonized at
400 °C under nitrogen for 1 h to achieve size-reduced patterns. CHF3 plasma etching
(pressure: 5 mTorr, power: 150 W, CHF3 flow rate: 10 sccm) was used to etch silicon
dioxide on the silicon wafers at a rate of 0.15 nm·s-1. The procedure is shown
schematically in Figure 2.3.

2.2.4. Characterization.
Patterned surface structures were examined by atomic force microscopy (AFM, Digital
Instrument, Dimension 3100) in the tapping mode and scanning electron microscopy
(SEM, FEI Magellan 400). Fourier Transform Infrared Spectroscopy (FTIR) spectra were
recorded using a PerkinElmer Spectrum 100 FT-IR spectrometer. Transmission spectra
were collected in the range of 650-4000 cm-1 with resolution of 4 cm-1. Film thickness
was analyzed using a Veeco Dektak Stylus Profilometer.
Thermogravimetric analysis (TGA) was conducted under nitrogen atmosphere on a TA
Instruments TGA Q50. Free polydopamine for thermal analysis was isolated from the
coating solution by centrifuging after the completion of the reaction and dried under
vacuum. Dry polydopamine powder samples were first heated from 25 ºC to 400 ºC at a
heating rate of 10 ºC · min-1 and kept at 400 ºC for 1 h.

30

2.3. Results and discussion

Figure 2.1. Polydopamine coatings. (a) Schematic illustration of self-polymerization of
dopamine under alkaline condition; (b) plot of coating thickness and surface roughness
with respect to dopamine concentration; and AFM images of coated surface with different
dopamine concentrations: (c) 0.2 mg·mL-1, (d) 0.3 mg·mL-1, (e) 0.4 mg·mL-1 and (f) 0.5
mg·mL-1.
We first optimized the PDA film coating conditions on flat silicon wafer substrates by
varying the concentration of dopamine solution. Figure 2.1a shows a schematic
illustration of self-polymerization of dopamine. Under mild alkaline condition, dopamine
can be oxidized and self-polymerize into PDA, which forms a thin coating on the surface.
The silicon wafers were placed in a dopamine hydrochloride solution with pH of 8.5 (10
mM TRIS buffer) at room temperature for 12 h with stirring. The resulting PDA coated
wafers were then rinsed with DI water and dried under nitrogen. The coated surfaces
exhibited granular features (Figure 2.1 c-f), ascribed to the fact that PDA thin films
actually consist of aggregates of PDA particles.24, 25 When the dopamine concentration
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was increased from 0.2 mg·mL-1 to 0.5 mg·mL-1, the film thickness increased from 5 nm
to 17 nm and the root-mean-square (RMS) roughness increased from 1.0 nm to 4.5 nm
(Figure 2.1b). The films made from dopamine concentration of 0.3 mg·mL-1 and 0.4
mg·mL-1 were similar, with roughness of 1.9 nm and 2.6 nm, respectively, significantly
smoother than the roughness seen for 0.5 mg·mL-1 (4.5 nm). Meanwhile, the film
thickness at a dopamine concentration of 0.4 mg·mL-1 (14 nm) was thicker than that of
the sample made from 0.3 mg·mL-1 (10 nm). Thus, targeted thicknesses can be reached
more rapidly when coated with 0.4 mg·mL-1 with a minimal sacrifice in surface
roughness. Therefore, the use of deposition solution of 0.4 mg·mL-1 was selected for the
coating in subsequent work.

Figure 2.2. AFM height images of PDA surfaces of (a) single coating and (b) 4 coating
times (b); (c) coating thickness and surface roughness as a function of number of
coatings.
Figure 2.2a and 2.2b present the atomic force microscopy (AFM) height images of
PDA surfaces coated 1 and 4 times, respectively. Both surfaces exhibited similar
particulate features and the surface roughness increased minimally with increasing
number of coatings from 1 (2.6 nm) to 4 times (2.3 nm). The coating thickness scaled
linearly with the number of coatings while the roughness only increased slightly from 2.3
nm to 5.0 nm (Figure 2.2c). The linear relationship between the film thickness and the
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number of coatings enabled good control of film thickness greater than 80 nm, while
maintaining a low surface roughness (< 5 nm).

Figure 2.3. Schematics of polydopamine (PDA) spacer lithography:(a) Nanoimprint
on PMMA, (b) demolding, (c) etching residual PMMA from pattern trenches, (d)
PDA coating, (e) removal of PDA layers on horizontal surfaces, (f) removal of
PMMA resist, (g) carbonization of PDA line features, (h) transferring patterns to
silicon dioxide by CHF3 reactive ion etching.
Figure 2.3 illustrates the process of the dopamine chemistry inspired spacer
lithography, showing the key steps, including nanoimprint lithography, plasma etching
de-scum, PDA coating, breakthrough etching, PMMA removal, and carbonization. First,
PMMA films (thickness of 59 nm) were coated on silicon substrates (containing a 3.5 µm
silicon oxide layer) and patterned with gratings (line width of 130 nm, pitch size of 260
nm, depth of 110 nm) by nanoimprint lithography utilizing “hardened”, crosslinked
polydimethylsiloxane elastomer (h-PDMS) molds (Figure 2.3a and 2.3b).22 Figure 2.4a
depicts the PMMA grating patterns obtained by nanoimprint lithography, whose surface
is uniform. The residual PMMA layer (with estimated thickness around 4 nm) in the
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trench was removed to expose the underlying substrate using oxygen plasma etching
(Figure 2.3c). Next, the patterned PMMA structures were coated by PDA using the same
reaction conditions used for coating flat substrates (Figure 2.3d). The coating process
was repeated when thicker films were desired. After two PDA deposition cycles were
performed on the patterns, a thin layer of PDA was coated on the surface of PMMA
gratings. The surface of the PMMA lines became rougher with the observation of a great
number of PDA nanoparticles appearing on the surface (Figure 2.4b, SEM and AFM
images).
The portion of the PDA layer on top of each PMMA structure and trench area was
removed by oxygen plasma etching to expose the underlying PMMA gratings (Figure
2.3e). The exposed PMMA lines were then dissolved with ethyl acetate, leaving the intact
PDA sidewalls attached to the substrate (Figure 2.3f). The remnant PDA lines doubled
the pattern density of the original PMMA lines (Figure 2.4c and 2.4d). The heights of the
PDA lines (~50 nm) were measured by AFM, and SEM was used to determine the width
of PDA lines. The width was found to be about 21 nm (Figure 2.4d), which was in
reasonable agreement with the thickness of the conformal PDA film (26 nm) originally
coated on the surface. The slight reduction of line width is likely due to the oxygen
plasma etching process thinning the sidewall, making it thinner than observed initially
coated thickness. The height-width ratio (2.5:1) of the lines is among the range of 2:1 to
5:1 in ALD-based spacer lithography.12, 14 The edge of the lines is not smooth and has
some particulate protrusions. This is not surprising, considering that the PDA coating
consists of PDA particulate aggregates.
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Table 2.1. Comparison of etching rate of PDA, PMMA, and silicon dioxide.
Etching condition: O2 plasma etching (pressure: 4 mTorr, power: 40 W, O2 flow
rate: 50 sccm); CHF3 plasma etching (pressure: 5 mTorr, power: 150 W, CHF3 flow
rate: 10 sccm).
Materials

O2 Plasma Etching Rate
(nm/min)

CHF3 Plasma Etching
Rate (nm/min)

PDA

15 ± 3

3.7 ± 0.3

PMMA

31 ± 3

4.8 ± 0.4

SiO2

N/A

9.0 ± 0.3

The PDA line features can be used as a resist mask to transfer the pattern to the
underlying silica substrate through plasma etching using trifluoromethane (CHF3) as the
gas source. A comparison of etching rate of PDA, PMMA, and silicon dioxide when
etched by O2 and CHF3 plasma is shown in Table 2.1. Under O2 plasma, PDA exhibits a
much higher etch resistance as compared with PMMA. Moreover, the etching rate (3.7
nm/min) of PDA is less than half of that of silicon dioxide (9.0 nm/min) when exposed to
CHF3 reactive ion etching, indicating a higher etch resistance of PDA versus silicon
dioxide. Therefore, it is appropriate to use PDA line features as an etch mask for plasma
etching of silicon dioxide. As shown in Figure 2.4e and 2.4f, the patterns were
successfully etched into the surface of the silicon dioxide substrate. The width of the
patterned silicon dioxide structures was ~ 36 nm, which is significantly greater than that
of the initial PDA mask. The increase in the width is attributed to the tapered etch profile
during the plasma etching, a commonly observed effect when etching silicon dioxide
with CHF3.26
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Figure 2.4. Pattern doubling of line gratings via spacer lithography. SEM images of
(a) PMMA line patterns by nanoimprint lithography; (b) PDA coated PMMA
patterns; (c) and (d) PDA line patterns with width of ~ 20 nm after removing
PMMA; (e) and (f) silica line futures prepared by plasma etching using PDA
patterns as an etching mask. The insets are corresponding AFM height images and
scale bars represent 500 nm.
Similar to spacer lithography using ALD, conformal coating of dopamine inspired
spacer lithography not only doubles the pattern density of line gratings, but can also be
used to fabricate complicated nanostructures.12, 14 To demonstrate this, a rhombus pillar
pattern (side length around 600 nm, angle of 60º and depth of 150 nm) was used to
prepare rhombus ring-like features. All the processes, including nanoimprint, etch, and
PMMA removal, were conducted using the above described procedures used for
doubling the line patterns. Figure 2.5a shows that the PMMA rhombus pillars, made from
nanoimprint lithography had uniform surfaces. After two coatings of PDA, the surface
showed granular features (Figure 2.5b), similar to those observed for simple line patterns.
After removing the PMMA resist, well-defined PDA rhombus ring arrays were present
on the surface (Figure 2.5c). The structure walls of these features were around 20 nm.
The resulting rhombus ring patterns were etched into the silicon dioxide substrate using a
CHF3 plasma. Analogous to the case of line patterns, the silica rhombus ring width
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increased to 34 nm during the plasma etching (Figure 2.5d). The success of fabricating
rhombus ring patterns demonstrates that this technique can be applied to prepare other
well-defined complex features.

Figure 2.5. Fabrication of rhombus ring patterns via spacer lithography. SEM
images of (a) PMMA rhombus patterns by nanoimprint lithography; (b) PDA
coated PMMA rhombus patterns; (c) PDA rhombus ring features after
removing of PMMA; and (d) SiO2 rhombus ring patterns prepared by CHF3
plasma etching using PDA rhombus ring features as mask. Scale bars
represent 500 nm.
It is worth noting that the minimum feature size that can be achieved is around 20 nm
using a double coating of PDA. Any further attempt to reduce the line width by
decreasing the PDA coating thickness led to collapse of pattern during the PMMA resist
removal procedure. As shown in Figure 2.6a, doubled patterns were not observed after a
single PDA coating. In these cases, the only patterns remaining on the surface were
shallow line features with depths of around 11 nm, closely matching the thickness (14 nm)
of a single PDA coating. This indicates that the remaining structures are the collapsed
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line patterns. The collapsing of ultrathin (width of ~11 nm) line patterns likely results
from the capillary forces generated during dissolving the PMMA resist in ethyl acetate. A
similar collapsing phenomenon, indicated by the arrows in Figure 2.6b, was observed for
the rhombus patterns generated from a single PDA coating.

Figure 2.6. AFM images of (a) collapsed PDA line patterns and (b) rhombus
ring patterns after removal of PMMA with single PDA coating. Inset in (a) is the
surface profile of the collapsed line patterns and arrows in (b) indicate the
collapsed region of rhombus rings. Scale bars represent 500 nm.
While it was difficult to prepare smaller patterns by reducing the coating thickness,
promising results were achieved by carbonizing PDA under nitrogen. Pyrolysis of PDA
under reducing environment has been proven to give rise to nitrogen doped carbon
structures.27-30 Thermogravimetric analysis (TGA) was conducted under nitrogen
atmosphere to analyze the carbonization of PDA. The pyrolysis of PDA under 400 ºC
decomposes PDA to give a 29 wt.% char residual (Figure 2.7a). This suggests PDA line
patterns are suitable for size reduction lithography31 upon carbonization. The FTIR
spectra of PDA and carbonized PDA were shown in Figure 2.7b. The major bands of
PDA spectrum at 3250 cm-1, 1500 cm-1, and 1280 cm-1 correspond to stretching vibration
of O-H and N-H, aromatic C=C stretching, and stretching vibration of C-N and C-O,
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respectively. The broad band at 3250 cm-1 was dramatically weakened after pyrolysis,
indicating the dehydration of O-H and N-H group between PDA molecules. The
dehydration was also confirmed by the appearance of a C-O-C stretching band 1250 cm-1.
The dehydration contributed to the carbonization of PDA and weight loss during
pyrolysis. After pyrolysis under nitrogen at 400 ºC for 1 h, the PDA line width was
reduced from 21 nm (Figure 2.7c) to around 13 nm and the height decreased from 50 nm
to about 18 nm (Figure 2.7d), indicating a successful size reduction. The shrinkage of
volume was estimated as 78% based on the size reduction after pyrolysis, which is
consistent with 71% of weight loss obtained by TGA.

Figure 2.7. Carbonization of PDA: (a) TGA curve of dry PDA powder; (b) FTIR
spectra of PDA and carbonized PDA; comparison of PDA line features before (c)
and after (d) carbonization. The scale bars represent 500 nm.
2.4. Conclusions
In conclusion, we have developed a new type of spacer lithography, inspired by

39

dopamine polymer chemistry, used to produce sub-20 nm patterns. Through an easy
PDA coating method, pattern densities were doubled and the feature size reached as low
as 20 nm. Besides the regular line gratings, well-defined rhombus ring structures were
prepared. The fabricated features were further applied as etch masks to transfer the
patterns to silicon dioxide substrates. To our knowledge, this work also represents the
first attempt to utilize the PDA pyrolysis with concurrent shrinkage to prepare small size
patterns with line width as low as 13 nm. Extensive efforts are still required to further
push the size limit past the sub-10 nm scale as well as studying the electric and catalytic
properties of carbonized PDA lines as suggested by the work of Li et al.27 and Ai et al.28
Moreover, the self-deposition of functional dopamine derivatives,32, 33 post-grafting of
polymers with amine- or thiol-groups to PDA,34, 35 or co-deposition of PDA with other
polymers36, 37 could enable the incorporation of more functional groups into the sidewalls
of the patterns. Through controlled etching and pyrolysis, well-tuned nanofeatures with a
broad range of compositions, such as silicon dioxide and titanium dioxide, could
potentially be achieved by this dopamine chemistry inspired spacer lithography.
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CHAPTER 3

PATTERNED POLYMER FILMS VIA REACTIVE SILANE INFUSION
INDUCED WRINKLING

3.1. Introduction

The ability to create patterned surfaces forms the basis of many applications within
materials science including microelectronics,1 optics2 and adhesion.3

Interest in the

generation of more complex patterns with precise control of small features has inspired
research on pattern formation via spontaneous or self-assembly processes such as block
copolymer phase separation,4 breath figures,5, 6 colloidal crystals,7 and others. 8, 9
The generation of patterns by the wrinkling or buckling of thin films offers
possibilities for self-ordering and aligning structures on a small size scale over large
areas. Spontaneous generation of patterns through the control of wrinkling has been
studied for some time in theory and demonstrated in several practical applications.10 Thin
metal or polymer layers atop a compliant under layer11-13 are commonly described, as are
gel-based systems,14-16 and oxides layers deposited on compliant polymers, such as
poly(dimethylsiloxane) (PDMS) based elastomer.17, 18

The wavelength and amplitude

of the wrinkling can be controlled by modifying the thickness and modulus of the film
and substrate.19, 20 Importantly, the wrinkled structures can self-order or align within of
defined patterns to create complex hierarchical patterns.

11, 21

This wrinkling process

allows for patterning of features over a large area using traditional patterning methods
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first to apply appropriate geometric constraints to the system, followed by the creation of
more complex and smaller features simply by wrinkling process.

Variations on this

theme have been elegantly demonstrated,22-24 however, most of the previously described
processes prepare wrinkles on a micron length scale and typically offer limited flexibility
with respect to control over the surface chemistry of patterns.
The ability to generate patterned structures alone may not be a sufficient catalyst to
drive rapid progress in surface science. The incorporation of chemical functionality
within these structures will form the core of future technologies such as lab-on-a-chip,25
adaptive and responsive surfaces,26 and bio-mimetic materials.27

Wrinkling can be

much more powerful if the desired surface chemistry can be designed and deployed
during pattern formation. Substituted organochlorosilanes are commonly used to modify
inorganic oxide surfaces.28, 29 and have also been used to functionalize oxidized surfaces
of polymers, such as plasma treated poly(methyl methacrylate)30 and oxidized PDMS
surfaces.31 A common feature for these reactions is that they rely on the presence of
reactive sites on the surface to which the reactive silanes can bind, generally the hydroxyl
groups present on oxidized surfaces. Poly(hydroxyethylmethacrylate) (PHEMA) is a
polymer where each repeat unit contains a free hydroxyl group and it has found
numerous uses in biomedical applications such as soft contact lenses materials,32 bone
implants,33 and in controlled drug release34 because of its biocompatibility. There has
been wide ranging of interest in functionalizing the hydroxyl groups of PHEMA with
various chemical functionalities: PHEMA films, membranes and brushes have been
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reacted with a variety of acyl chlorides,35, 36 anhydrides and reactive silanes,37, 38 resulting
in modification of their surface energy and chemical functionality.
Herein, we report a new method of forming intimately connected, stratified
cross-linked polymer thin films via reactive silane infusion into PHEMA films. This
reaction allows for the creation of sub-micron wrinkled patterns with simultaneous
control over the surface chemistry.

Directional order of the wrinkles can be achieved

by patterning the PHEMA film prior to infusion. Based on this wrinkle generation
process, a wrinkled pattern transfer technique is developed to transfer wrinkled patterns
to the surface of other polymer films via nanoimprint lithography.

3.2. Experimental
3.2.1. Materials

Unless specified, all reagents were purchased from Sigma-Aldrich and used without
further purification.
2-hydroxyethyl

Methyltrichlorosilane (99%), hydrido-trichlorosilane (97%) and

methacrylate

Bromophenyltrichlorosilane

(98%)

were

purchased

from

Acros

Organics.

and

2-[methoxy(polyethyleneoxy)]propyltrichlorosilane

were purchased from Gelest, Inc.

Ethanol (200 proof), toluene (ACS reagent grade),

and methanol (anhydrous) were purchased from Fisher Scientific.

Silicon wafers

(orientation 100, thickness 605-645 μm) were purchased from University Wafer.
Sylgard 184 silicone elastomer kits were purchased from Dow Corning.
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3.2.2. Synthesis of poly(2-hydroxymethyl methacrylate) (PHEMA)

PHEMA was synthesized by free radical polymerization and a representative
procedure follows.

Ethanol (7.5 mL), azobisisobutyronitrile (AIBN) (0.07 g), HEMA

(5 mL) and 1-dodecanethiol (0.50 mL) were mixed, sparged with N2 for 30 minutes and
reacted under N2 at 60 °C for 4 hours. The solution was cooled down and precipitated
dropwise in ethyl ether. The polymer was filtered, washed with ethyl ether and dried to
obtain PHEMA (4.5g, 84%) as a white solid.

GPC data (in DMF): Mn=8700 and

PDI=1.9 (calibrated versus PMMA standards).

3.2.3. PHEMA films preparation and silane infusion reactions

Silicon wafers were rinsed with hexanes, acetone, and ethanol and dried under a
stream of N2, followed by exposure to oxygen plasma for 5 minutes using a Phantom III
ICP reactive ion etcher (RIE) (Trion Technology, Inc).

PHEMA solutions in methanol

were spun onto the cleaned silicon substrate with thickness controlled by solution
concentration and spin coating speed.

After soft baked at 100 oC for 30 minutes, dry

film thicknesses were measured by a F20 Filmetrics thin film measurement system.
The various PHEMA coated wafers were immersed in a mixture of toluene and methyl
trichlorosilane (V/V: 100/5) at 90 °C for 2 hours under nitrogen atmosphere. The
substrates were removed from the reaction solution and washed extensively with toluene
to remove any un-reacted silane and dried under a stream of N2. A similar procedure
for infusion was employed to treat PHEMA films with other organochlorosilanes.
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3.2.4. Patterning and infusion of patterned PHEMA films

Two different approaches, thermal nanoimprint lithography (NIL) and e-beam
lithography (EBL) were applied to prepare patterned PHEMA films.

In the case of NIL,

a patterned silicon mold with the surface modified with n-octyldimethylchlorosilane was
used. A layer of polystyrene (PS) was spin-coated on top of PHEMA film as an etch
resist layer. The PS layer was imprinted with the silicon mold with a pressure of 400 PSI
at 150 °C for 1 min.

After imprinting, the residual layer of PS on the resulting trench of

patterns was etched by oxygen plasma ion to expose the underlying silicon surface. The
residual PS was selectively dissolved using toluene, resulting in separate line patterns of
PHEMA.

For EBL, a series of parallel lines (~10 nm width / 60 nm deep) were

written directly into the flat PHEMA film at increasing interval spacing from 100 nm to 1
µm.

After NIL or e-beam patterning, the PHEMA structures were infused with

methyltrichlorosilane using same procedure described for flat films discussed above.

3.2.5. Wrinkled pattern replication via NIL
Molds consisting of “hardened”, crosslinked polydimethylsiloxane elastomer
(h-PDMS) were fabricated using previously described methods
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with slight

modification. The h-PDMS was prepared by mixing and degassing a mixture of 1.7 g
of (7-8% vinylmethylsiloxane)-(dimethylsiloxane) copolymer, 5 µL of a modulator
(2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane) 9 µL of catalyst (platinum
divinyltetramethyldisiloxane

complex

in

xylene)

and

0.5

mL

of

(25-30%

methylhydrosiloxane)-(dimethylsiloxane) copolymer. To ensure good coating, the
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h-PDMS mixture was diluted with hexanes to 50 wt% and immediately spin-coated onto
a patterned master mold decorated with wrinkled features. The coated master was
pre-cured in oven at 60 °C for 3 minutes. A second PDMS elastomer mixture (10:1
weight ratio of Sylgard 184 silicone elastomer base and curing agent) was then poured on
top of the master mold. After heating at 60 °C for 6 hours, the resulting h-PDMS
daughter mold with thickness of around 5 mm was carefully peeled off from master
substrate.
Grandaughter imprints were made using the h-PDMS daughter mold in contact with a
spin-coated PHEMA film. A Nanonex NX-2000 nanoimprinter was used to imprint the
PHEMA films at 105 °C with pressure of 300 PSI for 2 minutes.

3.2.6. Characterization

Water contact angles were measured using a VCA Optima surface analysis/goniometry
system with a droplet size of 0.75 µL.
Fourier Transform Infrared Spectroscopy (FTIR) spectra were recorded using a
Nicolet 6700 FT-IR spectrometer equipped with a Harrick grazing angle ATR accessory
(GATR). Transmission spectra were collected in the range of 400-4000cm-1 using 64
scans with resolution of 4 cm-1.
X-ray photoelectron spectra (XPS) were recorded with a Perkin-Elmer Physical
Electronics 5100 with Mg Kα excitation (15 kV, 400 W).

Spectra were obtained at a

takeoff angle of 45° (between the plane of the surface and the entrance lens of the
detector optics). To obtain depth profiling, a mixture of reactive ion plasmas (O2 and
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CF4) was applied to gradually etch films down to different thicknesses prior to XPS
analysis. The O2 and CF4 flow rate was set at 49 and 45 standard cubic centimeters per
minute, respectively, with ICP power set at 100 W, RIE power at 20 W and pressure at
250 mT.
Atomic Force Microscopy (AFM) images were collected on a Digital Instruments
Nanoscope III in tapping mode under ambient conditions using silicon cantilievers
(spring constant 0.58 N/m).

3.3. Results and discussion
PHEMA has a Hildebrand solubility parameter of approximately 26.9 MPa1/2,
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whereas polystyrene (PS) which is soluble in toluene and benzene has Hildebrand
solubility parameter of 23.4 MPa1/2. Methanol has a solubility parameter of 30 MPa1/2
making it a good solvent for PHEMA whereas toluene with solubility parameters of
18-19 MPa1/2 is a poor solvent for PHEMA.42 Although not dissolve in toluene, PHEMA
films expand and swell slightly when immersed in toluene.
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Figure 3.1. (a) flat PHEMA film before infusion; (b), (c), (d) wrinkled film after
infusion with initial film thickness of (b) 52±1nm, (c) 154±1nm, (d) 233±2nm,
respectively. (e) Wrinkle wavelength versus film thickness.
Initial studies of the surfaces of spin coated PHEMA films found the films to be very
smooth and uniformly flat (Figure 3.1a) with the root mean square (RMS) roughness less
than 0.3 nm as measured by atomic force microscopy (AFM).

The PHEMA films

remained very stable in a heated bath of toluene or after washes of toluene with the
observation of a small amount of densification of the films after drying. The thickness of
a toluene-treated (90 oC, 2 hours) film was observed to decrease from 404±1 nm to
401±1 nm (less than 1% decrease of thickness) and RMS roughness increased slightly to
around 0.4 nm.
The PHEMA films prepared on clean wafer surfaces were heated in toluene solutions
of methyltrichlorosilane (MTCS). When immersed in hot toluene, the thin films of
PHEMA swell and are dilated allowing penetration of MTCS into the film.

MTCS is

then able to react and condense with itself and the hydroxyl groups of the PHEMA
polymer, effectively forming a network of covalent crosslinks within the film.
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There

are a large number of trichlorosilanes in addition to MTCS that can be utilized which
also result in functional crosslinked network films.
During infusion of MTCS into PHEMA, the condensation reactions of the
trichlorosilane

groups

with

hydroxyl

groups

of

PHEMA

and

concurrent

self-condensation of MTCS result in a gradient of crosslinking density within the top
layer of PHEMA film. Simultaneously, the swelling of the film by solvent builds up
compressive strain within the film, leading to deformation of the smooth PHEMA film.
This deformation results in the generation of continuous wrinkled structures (Figure
3.1b-d). The continued infusion and condensation of MTCS provides further crosslinking
which immobilizes the wrinkled structure. This results in permanent patterns even upon
solvent drying, and this differs from other reported swelling induced surface instability
systems43,
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where patterns are reversible and disappear after compressive stress is

released (i.e. solvent drying). When compared with the sharp creases caused by
homogeneous swelling of a uniform hydrogel film,45, 46 the wrinkles prepared by the
infusion reaction are much smoother, similar to wrinkles observed in cases where the
modulus mismatch results from gradient crosslinking.47, 48
AFM analysis of the surface of the infused films revealed detailed morphology
changes.

Figure 3.1b-d show the surface AFM plots of MTCS infused PHEMA films

of varying thickness (52 nm; 154 nm; 233 nm). These plots depict the development of an
interesting wrinkled surface pattern generated during the infusion process. The average
roughness of the films increases considerably after infusion with MTCS – almost entirely
due to the amplitude of the wrinkles. The size of the wrinkles increased with the as-spun
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film thickness. The 52 nm film displayed wrinkles with an average wavelength of ~180
nm with a peak to valley depth of approximately 25 nm, while the film with thickness of
233 nm film haves an average wrinkle period of ~410 nm and peak to valley depth of 55
nm after wrinkled. The characteristic wavelength (λ) of wrinkling system was found to
scale linearly with film thickness and depend on modulus of the system.47, 48 The wrinkle
wavelength increases linearly with initial film thickness (Figure 3.1e), which is
consistent with the literature.

Figure 3.2. FT-IR of PHEMA film and wrinkled film after infusion.
To quantify the reactive infusion of MTCS into the PHEMA film, grazing-angle
attenuated total reflectance FT-IR (GATR-IR) was used to analyze the chemical group
present in the surface of the wrinkled films (Figure 3.2). Though the major vibration
bands of Si-O-Si and Si-O-C near 1000 cm-1 ~ 1200 cm-1 overlap with C-O bands of
PHEMA, subtle changes could be detected after MTCS infusion. A decrease in the -OH
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stretching band near 3400 cm -1, an increase in intensity of the absorption at 970 cm-1
(attributed to Si-O vibration overlapping C-H bending band), and the appearance of a
new shoulder peak at 780 cm

-1

( contributed to Si-C band)
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are all consistent with the

expected condensation reaction between the trichlorosilane and the hydroxyl groups in
the PHEMA film.

Figure 3.3. (a) Atomic composition versus etch depth as measured by XPS. (b)
Schematics of silane-infusion-induced wrinkling — wrinkled film composed of
two layers: gradient crosslinked top layer and uniform uncrosslinked bottom layer.
To obtain insight into the nature of the trichlorosilane infusion process and the
resulting gradient of crosslinking within the polymer films, a careful film profile study
was performed. Samples of an infused film were exposed to reactive ion plasmas (O2 and
CF4) for various times which gradually etched the surface down to different thicknesses.
Etching conditions were optimized to maximize removal of material as gaseous products
and minimize any material re-deposition that could possibly occur at higher etch rates.
XPS analysis was performed on the samples at various etch depths and the results
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mapped as a function of atomic composition profiles vs depth from the film surface. The
observed atomic compositions from XPS, particularly silicon content, indicate the extent
of infusion of trichlorosilane and give depth profile information regarding the siloxane
linkages within the polymer films. The measured %C, %O and %Si were plotted as a
function of etch depth (Figure 3.3a). A significant decrease in the %Si and %O is
observed within the first 10 - 30 nm, reaching a constant low level before a depth of
etching at approximately 100 nm. A concurrent increase in the %C is observed until
leveling off at 100 nm. This is consistent with the model that a gradient crosslinked top
layer, rich in siloxane linkages is affixed to an uncrosslinked PHEMA bottom layer.
This composition is generated during infusion which results in a bilayer-like stratification
(Figure 3.3b).

Figure 3.4. Two approaches of Nanoimprint Lithography of creating patterned
features on PHEMA films: (1) directly imprint on PHEMA film (a1-a3), (2)
indirectly imprint on PHEMA film using polystyrene as etching resist (b1-b7).
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Thermal nanoimprint lithography (NIL) and e-beam lithography (EBL) of the
PHEMA layer prior to infusion were used to introduce topological features with the
intention that this would direct the self-alignment of the wrinkled morphology. In the
case of NIL, two different approaches were explored (Figure 3.4). First, a NIL mold was
used to directly imprint the PHEMA layer prior to siloxane infusion (Figure 3.4. a1-a3). A
second approach (Figure 3.4. b1-b7) involved coating the surface of PHEMA with an
imprint resist composed of polystyrene (PS). After imprinting, a plasma ion etch step was
used to remove the PHEMA unprotected by the PS resist with the residual PS selectively
dissolved in toluene at the last step. This results in free-standing patterned areas of
PHEMA. Regardless of the NIL approach used, the patterned PHEMA layer was then
infused with MTCS in the same manner as the flat films.

Figure 3.5. Direct imprinting patterned PHEMA film (a) and subsequent
wrinkling (b); indirect imprinting patterned PHEMA film (c) and subsequent
wrinkling (d).
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In all instances a wrinkled surface morphology within the patterned regions was
observed, with the wrinkles showing a preferential alignment perpendicular to the pattern
boundary (Figure 3.5). This ordering arises due to the preferential release of compressive
stress perpendicular to the patterned lines during the wrinkling process.14

Figure 3.6 AFM height images of a PHEMA film patterned with EBL (a) and
subsequent wrinkling (b). Images are 5x5 μm and zoomed area is 2x2 μm. Z-scales
for (a), (b), & (c) are 10, 100, and 50nm respectively.
Using EBL, a series of parallel lines (~10 nm width / 60 nm deep) (Figure 3.6a) were
written directly into the surface of a flat PHEMA film at increasing intervals from 100
nm to 1 μm in order to observe the influence of spatial confinement upon the wrinkled
morphology. No pattern development step was required after the EBL step before
infusion and wrinkling, i.e. the e-beam exposed areas of the PHEMA film were allowed
to act as wrinkle boundaries. Subsequent infusion and wrinkling displayed topological
alignment perpendicular to the lines and the wrinkles within different pattern regions
have a similar characteristic wavelength range in 200~250nm which appeared to be
independent of interval spacing (Figure 3.6b). An interesting confinement effect in cases
where the boundaries were closer than ~2 wavelengths of the wrinkle period was
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observed (Figure 3.6c). At this dimension the entire line wrinkles and bends along the
long axis rather than the perpendicular wrinkling that is observed in wider lines.
In addition to inducing pattern generation, the silane infusion reaction has the added
benefit of possessing the ability to simultaneously tune the chemical functionality of the
surfaces. The chemical functionality of the patterned surfaces can be controlled by
judicious choice of the trichlorosilane reagent used. A number of substituted
trichlorosilanes are commercially available, or can be easily synthesized. Based on
wrinkling results with MTCS, the infusion/wrinkling process was extended to include
trichlorosilanes

with

a

variety

of

chemical

functionalities

including

hydrido-trichlorosilane (TCS), vinyltrichlorosilane (VTCS), bromophenyltrichlorosilane
(BrPhTCS), and an oligomeric-polyethyleneglycol-trichlorosilane (PEG-TCS). As with
MTCS, PHEMA films infused with these other organotrichlorosilanes develop wrinkled
surface morphologies with modified chemical properties imparted by the corresponding
silane (Figure 3.7). An easily observed surface property change is the water contact angle
of the films after infusion (Figure 3.7, insets). When compared to the untreated PHEMA
films (~34°), the infused and wrinkled films all become more hydrophobic, with
increased contact angles of 100° (MTCS), 82° (TCS), 91° (VTCS), 84° (BrPhTCS), and
55° (PEG-TCS). The contact angle observed for the PEG-silane infused PHEMA sample
closely matches the value previously reported for a PEG-functionalized PHEMA
sample.50 These experiments illustrate the versatility of wrinkling via silane infusion and
show promise for subsequent surface science such as brush growth and responsive
surfaces. For example, surfaces rich in Si-H (silane) bonds have the potential to be
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transformed into virtually any imaginable functionalites using efficient hydrosilylation
chemistry, while the vinyl- and bromophenyl- surfaces may lend themselves to brush
attachment or coupling reactions; patterned PEG surfaces may find utility in helping to
control biological interactions with surfaces. These functionalized wrinkled surfaces may
be useful for modifying surface properties such as adhesion, release and antifouling.
Exploitation of the expressed functionality is currently being examined in greater detail
and will be the subject of a future report.

Figure 3.7. PHEMA films wrinkled with different silanes: (a) PEG-TCS, (b)
Vinyl-TCS, (c) BrPh-TCS, and (d) TCS, showing water contact angles (inset) of
55°, 91°, 84°, and 82°, respectively.
Although the patterned PHEMA films made by silane infusion were interesting, the
potential to transfer these wrinkled patterns into other polymer film surfaces was
explored. Accordingly, wrinkled films were used as master templates in nanoimprint
lithographic (NIL) processes. Figure 3.8a describes the process of pattern transfer with
mold

casting

and

NIL.

A

replica

consisting
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of

“hardened”,

crosslinked

polydimethylsiloxane elastomer (h-PDMS) was prepared by simple mold casting using
an infused PHEMA wrinkled surface (Figure 3.8b) as master mold. The resulting
h-PDMS daughter replica presents wrinkled structure identical to the original infused
PHEMA surface. It is important to remember that the h-PDMS daughter is a negative
image of the original and the AFM scan in Figure 8c reveals the morphology of the
valley area of the original PHEMA wrinkle master. This h-PDMS daughter replica was
then

used

in

second

NIL process

into

other

polymer

film

to

yield

a

granddaughter-wrinkled surface.

Figure 3.8. Wrinkled patterns transfer. (a) Schematics of wrinkled patterns
transfer; (b) wrinkled PHEMA pattern master template, (c) h-PDMS daughter
replica and (d) granddaughter-wrinkled pattern. The insets show the water
contact angles.
While

several

kinds

of

polymer

films,

such

as

polystyrene

and

poly(N-isopropylacrylamide), had been processed as granddaughter-wrinkled films
(Figure 3.9), this work focuses on discussing PHEMA granddaughter-wrinkled film
(Figure 3.8d). This granddaughter-wrinkled PHEMA film, with a wavelength of 300 nm,
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exhibits high fidelity with similar structure to the original master pattern (Figure 3.8b),
which had a slightly larger wrinkle wavelength of 310 nm. The water contact angles of
each sample are displayed as insets in Figure 8b-d. While the imprinted PHEMA
granddaughter surface (Figure 3.8d) has a nearly identical morphology as the
silane-infused PHEMA master pattern (Figure 3.8b) and the h-PDMS daughter replica
(Figure 3.8c), the contact angles of the various surfaces are quite different. The water
contact angle (37°) of the PHEMA granddaughter surface is very different from that of
silane-infused PHEMA wrinkled master (100°) and the h-PDMS daughter replica (112°),
while the water contact angle of a pure flat PHEMA film is 34°. This suggests the
chemical properties of the surface (e.g. surface energy) have more influence on the water
contact angle than the surface morphology – at least at the wrinkle wavelength that was
used.

Figure 3.9. Granddaughter-wrinkled pattern transferred to (a) polystyrene film and
(b) poly(N-isopropylacrylamide) film, respectively.
Compared with most other wrinkled surfaces consisting of thin metal films11, 13 or
oxides17, 44, 51 on top of a compliant elastomer, the wrinkled pattern transfer technique
provides the ability to transfer wrinkled patterns to a larger number of other polymer
films via nanoimprinting, which may enable facile processing for promising applications,
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such as diffraction gratings,52 electronic skin,53 and light harvesting54. Moreover, this
technique allows for the scale up of the patterns over very large areas on flexible
substrates using our roll-to-roll fabrication techniques, which are currently being
investigated.

3.4. Conclusions

In summary, we have developed a new method for creating robust patterned functional
thin films through a reactive silane infusion into PHEMA. Using this simple, one-pot
process, wrinkled morphologies with tailored surface chemistry can be induced during
the infusion process. The wrinkle size and periodicity can be controlled from the
nanoscale to micro-scale by simply adjusting the original film thickness. Orientation of
the wrinkles can be manipulated by pre-patterning the PHEMA layer, leading to
hierarchically ordered structures. Meanwhile, the wrinkled patterns can be transferred to
the surface of other polymer films by the use of nanoimprint lithography. The technique
described in this work allows for control over both the morphology and the chemical
nature of the surface and represents a powerful new method that can expand potential
applications of wrinkle-based systems. Controlling surfaces at the micro-, nano-, and
molecular level simultaneously will be crucial for future advancements of surface and
material science.
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CHAPTER 4

SUPERHYDROPHOBIC SURFACES FROM HIERARCHICALLY
STRUCTURED WRINKLED POLYMERS

4.1. Introduction
Dating back to pioneer research work in the early 20th century, superhydrophobic surfaces
have been extensively studied in recent years.1 Typically defined as a surface with a water
contact angle (CA) greater than 150° and contact angle hysteresis (CAH) of less than 10°,
superhydrophobic surface research is often inspired by natural examples, such as the
self-cleaning effect of the lotus leaf and water repellency of some insects, the
superhydrophobic effect has found numerous applications in the areas of antibiofouling,
antisticking, self-cleaning, drag-reduction, etc.2-4 In principle, artificial superhydrophobic
surfaces can be produced through the combination of controlled surface roughness with
low-surface-energy coatings.5 It has been suggested that hierarchical structures with
hierarchically structured roughness on both the nanoscale and microscale could help to
improve superhydrophobicity.3,

6

Numerous methods for developing superhydrophobic

structures have been reviewed, including layer-by-layer assembly, imprinting,
electrospinning, hydrothermal treatment, plasma etching, etc.1, 7, 8 Imprint lithography,
with its simplicity, high precision, high fidelity and low cost, lends itself to facile
fabrication of numerous structures ranging from nanoscale to microscale. 9, 10

Zhang et

al. reported anisotropic wettability on hierarchical structures prepared by sequential
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imprinting.11

Liu et al. prepared superhydrophobic polymer films via transfer-printing

lithography with an aluminum oxide mold.12

Plant leaf,13, 14 butterfly wing15 and gecko

foot hairs16 structures have been replicated by imprint lithography using either molds of
natural materials or artificially fabricated biomimetic patterns.
Alternatively, recent developments in spontaneous surface wrinkling17-19 provide a
simple but efficient way to create either microscale or nanoscale textured structures.
There have been several attempts to fabricate hierarchically wrinkled surfaces with
specific wetting properties by combining spontaneous wrinkling with other techniques,
such as imprint lithography and plasma treatment. Zhang et al.

20

discussed the

theoretical possibility of multi-scale hierarchical wrinkles induced by mechanical strain
on multilayer films, which can be switched between superhydrophobic and
superhydrophilic simply by strain control. Several studies have successfully
manufactured superhydrophobic hierarchical structures consisting of wrinkle patterns
with micropillars,21 nanopillars,22 silica nanoparticles23 as well as silver nanoflakes.24
More interestingly, by controlling hierarchically wrinkled structures, biomimetic surfaces
can be prepared with special wetting behavior. For example, Lee and coauthors reported
biomimetic rice-leaf surfaces showing anisotropic wetting and superhydrophobicity. 6
We have recently reported the development a simple and general method for the
preparation of functional wrinkled poly(hydroxyethylmethacrylate) (PHEMA) films via a
reactive methyltrichlorosilane infusion reaction. 25 Patterned polymer films with wrinkled
surface structures and tailored surface chemistry were obtained using this facile
chemically induced wrinkling process. The height and periodicity of wrinkles were
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controlled from the nanoscale to microscale by simply adjusting the original film
thickness. A typical wrinkled PHEMA film showed enhanced hydrophobic behavior with
a water contact angle of about 100° compared with the control hydrophilic flat PHEMA
film ( CA = 34°).
Herein, we demonstrate a fabrication method that combines top-down nanoimprint
lithography (NIL) with a bottom-up chemically induced wrinkling process for the
fabrication of hierarchically wrinkled polymer films where we achieve complex surface
structures with tunable wetting properties. In short we first prepare 500 nm period grating
structures on flat PHEMA films by NIL. Hierarchical wrinkled structures containing the
nanoscale grating patterns were then prepared using a silane infusion-induced wrinkling
process.

25

The morphology and size of the surface structures is easily controlled by

adjusting the initial thickness of the PHEMA film. The fabricated hierarchical structures
exhibit tunable wettability from hydrophobic to superhydrophobic and display a transition
from anisotropic to isotropic wetting behavior.

This work presents a fresh perspective

on this new material set that can be exploited to create hierarchically structured surfaces.
4.2. Experimental
4.2.1. Materials.

All reagents were used as received without further purification unless otherwise
specified.

Methyltrichlorosilane

2-hydroxymethyl

was

methacrylate

purchased

was

vinylmethylsiloxane)-(dimethylsiloxane)

from

from
copolymer
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TCI

America

Sigma-Aldrich.
and

and
(7-8%

(25-30%

methylhydrosiloxane)-(dimethylsiloxane) copolymer were purchased from Gelest Inc.
Dimethylformamide (DMF), ethanol and toluene (ACS reagent grade) were purchased
from Fisher Scientific. Silicon wafers (orientation 100, thickness 605-645 µm) were
purchased from University Wafer. Polydimethylsiloxane (PDMS) elastomer kits (Sylgard
184) were purchased from Dow Corning.

4.2.2 Fabrication of pre-patterned nanostructures.

Synthesis

of poly(2-hydroxyethyl

methacrylate) (PHEMA) by free

polymerization is described in details previously

25

radical

. A PHEMA/DMF solution was

spin-coated at different speeds on clean silicon wafers to obtain flat films with different
thicknesses. The PHEMA films were prebaked at 100 °C for 1 hour to remove residual
solvent before imprinting. A silicon master mold with 500 nm grating patterns, 1 µm
pitch size and aspect ratio (height to width of the lines) of 1 was used as master mold. A
“hardened”, cross-linked polydimethylsiloxane elastomer (h-PDMS) mold was obtained
by replica molding of the silicon master mold according to the method described
previously.

25, 26

Flat PHEMA films were then imprinted with the h-PDMS mold at 120

°C with pressure of 300 psi for 2 min using a Nanonex NX-2000 nanoimprinter.

4.2.3. Fabrication of hierarchically wrinkled pattern.
PHEMA films with grating patterns were immersed in a solution of toluene containing
methyltrichlorosilane (V/V: 100/5) solution and allowed to react at 100 °C for 2 h. Due
to swelling and cross-linking of the film in the solution, microscale wrinkling was
generated on the PHEMA films containing the lines pattern, giving rise to the formation
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of hierarchical structures. After the chemical wrinkling reaction, the PHEMA films were
rinsed with toluene to remove any unreacted silane and dried with dry nitrogen gas. For
comparison, flat PHEMA films without the nanoimprinted pre-patterns were also
wrinkled using the same method.

4.2.4. Characterization.

Film thicknesses were measured using a Veeco Dektak Stylus Profilometer. Atomic
Force Microscopy (AFM) images were collected on a Digital Instruments Nanoscope III
in tapping mode under ambient conditions using silicon cantilevers (spring constant 0.58
N/m). Water contact angles and sliding angles were measured using a VCA Optima
surface analysis/goniometry system with water droplets size of 5 µL. Both static and
dynamic (advancing and receding) contact angles were recorded. Films surface structures
were studied using an Olympus optical microscope.
4.3. Results and discussion
Figure 4.1 contains the schematic illustration of the process for fabricating (a) random
wrinkles and (b) hierarchical wrinkled/patterned structures on the PHEMA films. The
preparation of random microscale wrinkles was performed by silane infusion induced
wrinkling as shown in Figure 4.1a. The mechanism of methyltrichlorosilane infusion and
wrinkling by the resulting gradient of cross-linking within the polymer films has been
described previously.

25

To obtain hierarchically ordered wrinkled structures, we

pre-patterned the PHEMA films with 500 nm period grating structures via NIL prior to
the wrinkling process (Figure 4.1b). An AFM image of the features of the imprinted
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pattern is shown in Figure 4.1c and a schematic drawing in Figure 4.1d. After NIL
patterning, hierarchical ordered wrinkles were generated on the pre-patterned PHEMA
films via the silane infusion wrinkling process.

Figure 4.1. Schematic illustration of the process for generating random wrinkles and
hierarchical wrinkle/line patterns on PHEMA films. (a) Random wrinkles via a reactive
silane infusion-induced wrinkling method, (b) hierarchical wrinkle/line patterns
fabricated by spontaneous wrinkling of pre-patterned PHEMA films, (c) top-view AFM
image of the nanoimprinted pre-pattern and compression direction relative to pattern
orientation, (d) schematic of cross-section of grating pattern.
Figure 4.2 contains optical microscope and topographic AFM images of typical
PHEMA films with random wrinkles (left) and hierarchical wrinkles (right) with
pre-patterned line gratings. Both sets of wrinkled films were prepared from initially flat
PHEMA films with thickness of 3.4 µm. The optical observation in Figure 4.2a shows
that the disordered wrinkles with a labyrinth pattern appear across the film surface. The
image with a disc-shaped structure obtained from two-dimensional fast Fourier transform
(FFT) analysis reveals that the generated wrinkle pattern is random and displays no
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specific directional orientation.27

Figure 4.2. Optical microscope images and AFM images of (a, b) random wrinkles
and (c, d) hierarchical wrinkles with pre-patterned grooved nanostructures. The inset
images are the corresponding fast Fourier transform image analysis.
Due to isotropic swelling strain, the spontaneously generated wrinkle patterns are
usually disordered. The presence of patterned nanostructures on surfaces to be wrinkled
has been shown to be an effective route for the fabrication of hierarchical patterned
surface in both theoretical and experimental studies.28,

29

Our hierarchical micro/nano

wrinkled structures were created by inducing micro-size wrinkles on the PHEMA films
imprinted with pre-patterned line structures. As shown in the microscope image in Figure
4.2c, regularly ordered wrinkle structures with a herringbone-like pattern were obtained.
The FFT image analysis of the resulting hierarchically wrinkled surface (inset of Figure
4.2c) displays an interesting rhombus-shape pattern, which corresponds to the orientation
of wrinkles observed on the surface of pre-patterned film. The AFM image in Figure 4.2d
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clearly showed the pre-patterned nanoscale grooved lines were preserved after the
wrinkling process and these patterns are distributed uniformly over the surface of the
microscale wrinkles.

Figure 4.3. AFM images of imprinted grating nanostructures on the
PHEMA films (a) before and (b) after wrinkling.
A close observation of the surface by AFM reveals that the dimension and periodicity
of imprinted grating nanostructures remained almost constant before and after chemically
induced wrinkling (Figure 4.3). The as-imprinted PHEMA lines have a width and height
around 500 nm (Figure 4.3a), matching the size and depth of the h-PDMS mold grooves.
After the silane infusion reaction and subsequent wrinkling, the AFM scan (Figure 4.3b)
of the patterned lines reveals a width of 500 nm with sharp corners, consistent with the
original imprinted grating structures. The line profile of the wrinkled grating structures
shows the heights ranging from 470 to 495 nm, which is slightly reduced but still
comparable to the initial height (500 nm) of grating structures on the imprinted PHEMA
film.
The excellent control of wrinkle orientation and shape is due to geometric confinement
by the grating patterns. While there have been reports on the control of wrinkle patterns
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with pre-patterned structures, most of these studies concentrate on the effect of the
pattern with much larger size scale than the size of wrinkles

30-35

. Only a few studies

concerned the influence of pre-patterns on the formation of wrinkles with a similar or
larger size scale as those of the patterns. For example, Ohzono et al.

36

reported the

directional order of microwrinkles resulting from the spatial confinement of lithographic
hexagonal microsphere patterns. Lee et al. 29 showed that grating patterns introduced to a
surface on the nanoscale induce anisotropic mechanical properties to polymer films and
play a significant role on determining the wavelength of subsequent mircoscale wrinkles.
Here, we found a similar phenomenon that the incorporation of nanopatterns brings about
interesting herringbone-like wrinkling topography to PHEMA film, which could be
attributed to the anisotropic mechanical properties caused by grating patterns.

In the

case of surface instabilities, bending stiffness of the film plays a key role in wrinkle
development. Due to the unidirectional line patterns, the bending stiffness in
compression depends on the direction of strain relative to those line patterns. To analyze
the ordering of wrinkles, we utilize a composite model proposed by Lee et al.

29

for

patterned films to calculate the effective bending stiffness of film in different
compression directions. Using the composite model, the effective bending stiffness for
parallel (D∥) and perpendicular (D⊥) compression (Figure 4.1c) is expressed as:
𝐸ℎ𝑡3

𝐸ℎ13

Equation 4.1

𝐷∥ =

Equation 4.2

𝐷⊥ = [𝐸ℎ3 𝜑 + 𝐸ℎ3 (1 − 𝜑)]

12

𝜑+

12

12

(1 − 𝜑)

12

−1

1

𝑡

where ht and h1 are the maximum thickness and minimum thickness of the patterned film
respectively, E is modulus of the film and φ is the fraction of surface area occupied by
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lines (φ = d / (d + s) ) (Figure 4.1d). Herein, since the line width is 500 nm and pitch size
is 1 µm, φ is equal to 0.5 and the expression of bending stiffness can be simplified as:
𝐸ℎ𝑡3

𝐸ℎ13

Equation 4.3

𝐷∥ =

Equation 4.4

𝐷⊥ = [𝐸ℎ3 + 𝐸ℎ3 ]

24

+

24

6

6

−1

1

𝑡

The critical buckling stress, Pc, of a thin film is proportional to bending stiffness. For
cases where D⊥ < D∥, then Pc⊥ < Pc∥, so the film tends to buckle first in the perpendicular
direction when compression stress is higher than Pc⊥. The continuous building up of
compression eventually leads to the buckling of the film in the parallel direction. The
integrated effect of buckling in both directions builds up the final herringbone-like
morphology of the wrinkles, similar to the herringbone winkle developed by sequential
release of prestrain. 37, 38

Figure 4.4. Optical microscopic images of hierarchical wrinkles with various film
thicknesses.
From equation 4.3 and 4.4, the effective bending stiffness is related to total film
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thickness as well as the pre-pattern height. Therefore, the initial film thickness and
pattern height will influence the final wrinkling morphology.

To investigate this, a

series of imprinted PHEMA films with varying initial thickness were fabricated with the
same NIL patterns, i.e., changing h1 while keeping h2 constant, and these sample were
subsequently infused and wrinkled. The Optical microscopic images of hierarchical
patterned/wrinkled PHEMA films with different initial thickness are shown in Figure 4.4.
Most of the hierarchical films show relatively ordered wrinkle structures with a
herringbone-like pattern. To better investigate the property of this wrinkle orientation
phenomenon, the characteristic wrinkle angle, (2α), is defined as the angle between two
strands of wrinkles. Figure 4.5 presents the relationship between α and initial film
thickness. The values of α were observed to increase from 14° to 33° as the initial
thickness of the films increased from 1.4 to 11.8 µm.

Theoretically, the angle is

expected to approach 45º when the film is isotropically buckled at an infinite film
thickness.

However, as shown in Fgure 4.4, at the film thickness is increased, the

wrinkles start become more randomly-orientated. This indicates the confinement control
of the imprinted nanoscale pattern diminishes with increasing underlying film thickness
and films tend to be more isotropically compressed during the wrinkle development
process.

The size and depth of the imprinted lines remain constant while the underlying

film thickness increases. Hence, the wrinkles become more randomly distributed and
there would not be any observable characteristic wrinkle angle when the films become
infinitely thick.

79

35
30

/ 

25
20
15
10

0

2

4

6

8

Film Thickness (m)

10

12

Figure 4.5. The characteristic wrinkling angle (α) of hierarchical
wrinkles versus initial film thickness
The wetting behavior of a surface depends largely on the degree and size scale of the
surface roughness.

6, 39

The roughness of the hierarchically wrinkled surface is

determined by wrinkle size. The wavelength of the wrinkles was measured as the
periodicity from a two-dimensional fast Fourier transform analysis of optical microscope
images, while peak-to-valley (PV) distance and root mean square (RMS) roughness were
determined by AFM analysis.

Figure 4.6 presents the relationship between hierarchical

wrinkle feature size and initial PHEMA film thickness.

Wrinkle wavelength increases

linearly with the film thickness at low film thickness region of 1.4 – 5.0 µm and the
relationship between wrinkle wavelength and film thickness deviates from a single linear
relation when the film thickness becomes larger. PV distance increases with increasing
film thickness.
Equation 4.5

The RMS roughness (Rq) can be defined as40:
1

𝐿

𝑅𝑞 = √𝐿 ∫0 𝑧 2 (𝑥)𝑑𝑥

where L is the evaluation length and z(x) is the surface profile function. Herein, the
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surface profile is simplified to a sinusoidal surface as:
Equation 4.6

2𝜋

𝑧(𝑥) =

𝐴𝑠𝑖𝑛( 𝜆 𝑥)

where A is the amplitude of the sinusoidal wave and half of the PV distance, and λ is the
wavelength. Substituting equation 4.6 into equation 4.5, we can obtain Rq as:
Equation 4.7

1

𝜆

2𝜋

𝑅𝑞 = 𝐴√𝜆 ∫0 𝑠𝑖𝑛2 ( 𝜆 𝑥)𝑑𝑥 ~ A

Based on this simplified model, Rq is found to be proportional to amplitude. As a result
of increasing wrinkle amplitude, the Rq of hierarchical wrinkle increases with film
thickness (Figure 4.6b).
24

Since our wrinkling system is similar to the work by Kim et al.

, who induced wrinkles by gradationally introducing silver nanoparticles into swollen

polymer films, we attempted to apply their gradationally swollen model24, 41 to interpret
the wrinkling behavior.

However, the gradationally swollen model did not provide a

reasonable explanation for the deviation from a single linear relation between wrinkle
wavelength and film thickness and it does not provide a formula for the prediction of PV
distances. Therefore, the gradationally swollen model as developed by Kim does not
sufficiently clarify the wrinkling phenomenon we observe. This presents the opportunity
for future investigation.

Figure 4.6. Relationship between hierarchical wrinkle feature size and film thickness: (a)
wavelength and peak-to-valley (PV) distance, (b) root mean square roughness.
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To investigate the wetting properties of our hierarchically wrinkled surfaces, dynamic
water contact angle (CA) measurements were performed on films of various thicknesses.
Figure 4.7 a-b shows the optical images of water droplet on the random and hierarchical
wrinkled PHEMA films with initial thickness of 11.8 µm. The random wrinkled surface
was found to be hydrophobic with an average advancing CA value of 129° (Figure 4.7a).
By comparison, the CAs of flat pure PHEMA film and methyltrichlorosilane treated
silicon wafer (no shown) are 34° and 97°, respectively. The CA measurements results
reveal that microscale roughness and surface chemical modification by silane infusion
leads to an increase in hydrophobicity. More interestingly, the hierarchically wrinkled
surfaces exhibited superhydrophobicity, in this case having contact angles greater than
160° (see Figure 4.7b).

This indicates that the hierarchical nature of the roughness, i.e.

the presence of micron-scale wrinkles containing a nanostructured grating pattern,
significantly enhances the hydrophobicity of the surface.
Plots of the advancing CAs as a function of the film thickness for the random and
hierarchical wrinkles are shown in Figure 4.7c where CA values are observed to increase
with increasing initial film thickness. In the case of the randomly wrinkled films, the
advancing CA value increased from 115° to 128°. The hierarchically wrinkled surfaces
with film thickness less than 5 µm showed a transition from hydrophobicity to
superhydrophobicity with a linear increase of CA value from 142° to 150°. When the
films had an initial thickness of > 5 µm, the hierarchically wrinkled surfaces had
advancing CAs greater than 150° and remained constant near 160° as the thickness
increased beyond ~ 8 µm. Data from contact angle hysteresis (CAH) measurements –
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defined by the difference between advancing and receding contact angle of a drop of
water – are shown in Figure 4.7d, where CAH of hierarchical wrinkles and random
wrinkles has been plotted as a function of film thicknesses. The CAH of random wrinkles
does not vary much with film thickness, while the CAH of hierarchically wrinkled
surfaces was observed to change significantly.
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Figure 4.7. Optical images of a water droplet on the (a) random wrinkles and (b)
hierarchical wrinkles. (c)Advancing contact angles and (d) contact angle hysteresis as
a function of initial film thickness for random (open square symbol) and hierarchical
wrinkles (close circle symbol).
At low film thickness, the wetting state of the wrinkled surface is under the Wenzel
state, the water droplet fully spans and wets the trench area of the line gratings, leading to
higher pinning effect.

42

This pinning hinders the movement of the water contact line on

the wrinkled surface leading to higher CAH than that of a comparable randomly wrinkled
surface. As the film thickness is increased, the surface roughness increases as a result of
increasing wrinkling PV distance. It is this higher surface roughness that enhances the
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hydrophobicity of wrinkled surface, leading to a transition of the wetting state from
Wenzel state to the Cassie-Baxter state. Under the Cassie-Baxter wetting state, the
water droplet does not wet the trench area of line gratings, which largely decreases the
pinning effect of line gratings and accordingly the hysteresis decreases remarkably from
more than 120° to less than 7°.

Figure 4.8. Anisotropic wetting behavior. (a) schematic illustration of anisotropic
wetting behavior; β is measuring angle relative to pre-imprinted line patterns (b) static
contact angles of hierarchical pattern with film thickness of 3.4 μm as a function of β
(inset pictures are the optical images of water droplet at corresponding β), (c) static
contact angles and (d) sliding angles of both parallel (open square symbol) and
perpendicular (close circle symbol) directions as a function of surface roughness of
wrinkled surfaces. Inset pictures in (d) are the optical images captured during sliding
angle measurements.
Due to the presence of the grating pattern, anisotropic wetting behavior of the
hierarchical structures was expected.43

Water CA measurements were taken at different

angles (β) relative to the orientation of the grating lines as illustrated in Figure 4.8a. The
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CA of the perpendicular direction (β =0°) and parallel direction (β = ±90°) are defined as
θ⊥ and θ∥, respectively.

In Figure 4.8b, the CA of the 3.4 µm thick hierarchical

patterned film is plotted as a function of measuring angle (β) relative to pre-imprinted
line patterns. Here, the highest observed CA is θ⊥ =142°, while the lowest CA is θ∥
=134° and the degree of wetting anisotropy, Δθ, is defined as the difference of the CA
values from the two directions ( Δθ = θ∥ - θ⊥= 8°). The change of CA is dependent on
the value of β and the plot of CA is symmetric to β =0° (perpendicular direction). This
demonstrates that the anisotropic wetting behavior of the hierarchical patterns is related
to the orientation of the line gratings. The effect of the wrinkle orientation was
considered, but since the ratio of peak-to-valley (PV) distance to wrinkle wavelength
(0.1~0.2) is much smaller than that of the aspect ratio of the line gratings (0.5), the
wetting anisotropy can be primarily attributed to the pinning effect of line gratings rather
than the wrinkles.

Figure 4.8c shows that the static CA measured in both perpendicular

and parallel directions increase with increasing surface roughness of the surface topology,
and reach at plateau of superhydrophobicity when the film thickness becomes greater
than 7.4 µm. Similar anisotropic wetting behavior with Δθ ~ 7-10° was observed on the
hierarchically wrinkled films with low surface roughness. An analogous anisotropic
wettability due to pining effects of patterns was observed by Brennan et al. in their work
on Sharklet™ patterns.44 The origin of the wetting anisotropy was assigned to the
pinning of the water droplet by the line patterns. The pinning effect imposes energy
barriers which hinder the movement of the three-phase contact line in the perpendicular
direction other than parallel direction, resulting higher θ⊥ than θ∥. With increasing film
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thickness and surface roughness, both θ∥ and θ⊥ increase and reach a plateau value of
about 157o. Meanwhile, as hierarchical surface roughness enhances the surface from
hydrophobic to superhydrophobic, the anisotropy decreases to as low as 1°, implying a
transition from anisotropic to isotropic wetting behavior. This remarkable wetting
transition indicates that with increasing hydrophobicity, the contact area between the
wrinkle surface and water droplet decreases to a very low extent that the water droplet
does not wet the trench area of gratings and the pinning of grating patterns is greatly
reduced, leading to isotropic wetting. These observed phenomena disclose a transition of
the wetting state from the classic Wenzel state to the Cassie-Baxter state. The change of
sliding angle (Figure 4.8d) confirms this transition as well. When the wetting is dictated
by the Wenzel state, the water droplet wets the trench area of line pattern and the pinning
effect prevents the sliding-off of water droplet from surface. Therefore, the droplet sticks
to the wrinkled surface even if the substrate is turned upside down. On the contrary, once
the wetting state turns to the Cassie state, the water droplet starts to slide at a very low tilt
angle. With increasing hydrophobicity, the sliding angle decreases from around 10o to
less than 5°. Because of the presence of line patterns, the sliding angle parallel to line
patterns is slightly smaller than that perpendicular to the lines. Sliding angle and the
difference of sliding angle between two directions diminish with increasing film
thickness. Chung et al.
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observed anisotropic wetting behavior as a function of

wrinkling amplitude in their wrinkling system. Unlike our work, they did not observe the
anisotropic to isotropic wettability transition with increasing wrinkling size. Conversely,
they presented an enhanced anisotropic wettability as θ⊥ increased while θ∥ decreased
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with

increasing

surface

roughness.

This

difference

is

attributed

to

the

roughness-enhanced wetting. Since there is no motion barrier caused pinning effect for
liquid to move parallel to the grooves, roughness-enhanced wetting dominate the change
of θ∥. According to Wenzel equation46:
Equation 4.8

cos 𝜃 = 𝑟 cos 𝜃0

where r is the roughness factor and θ0 is the contact angle of flat surface. The
UVO-modified PDMS surface is initially hydrophilic, accordingly the increment of
surface roughness would give rise to the decrease of θ∥ in their work. The increase of θ⊥
is due to groove pinning and the decrease of θ∥ is caused by roughness-enhanced wetting
which contributes to the enhanced anisotropic wettability. In contrast, our system
contains a methyltrichlorosilane-modified surface which is much more hydrophobic in
nature than an oxidized silicone elastomer, therefore, both θ⊥ and θ∥ increase with
increasing surface roughness, resulting in a transition from anisotropic to isotropic
wetting behavior.
4.4. Conclusions

We report a new method for creating hierarchically wrinkled polymer films by
combining top-down nanoimprint lithography and a bottom-up wrinkling process. The
resulting hierarchical wrinkle patterns exhibit regularly ordered herringbone structures
accomplished through the geometric confinement of the imprinted nanopatterns. Further,
these surfaces are superhydrophobic with water contact angles higher than 160°. This
behavior is due to the complimentary micro/nano dual scale roughness presented by the
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surface. The wettability of the surfaces can be controlled by altering the film thickness
giving excellent control from hydrophobic to superhydrophobic as well as an
extraordinary transition from anisotropic to isotropic wetting. This work provides a
controlled simple, efficient method to prepare superhydrophobic surfaces which will
present opportunities for exploitation in a number of known potential applications, such
as self-cleaning, antibacterial surfaces and drag reduction. The anisotropic surfaces
offer hierarchical roughness, which might also be beneficial for applications in adhesion,
artificial skin, gas sensors, light sensors, etc. The nature of the three step process, coating,
imprinting followed by chemical infusion, makes it easy to implement over large areas
and does not require complex processing equipment or time-consuming preparation
which makes these surfaces amenable to high-throughput manufacturing methods such as
roll-to-roll fabrication.
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CHAPTER 5

SCALING UP NATURE ― LARGE AREA FLEXIBLE BIOMIMETIC
SURFACES

5.1. Introduction
Nature presents fascinating examples of self-cleaning surfaces, such as, rose petals,
lotus leaves, water striders, and butterfly wings, which have inspired researchers to
mimic their function. A commonly found self-cleaning surface is a lotus leaf-type
superhydrophobic surface (SHS). Many efforts have been made to create SHS including
layer-by-layer assembly,1 phase separation,2 nanoparticle composite coating,3 sol-gel
process,4 electrospinning,5 soft lithography,6 and liquid flame spray.7
Alternatively, a different concept has been proposed to create self-cleaning surfaces.
Inspired by Nepenthes pitcher plants, which retain lubricating liquid in hierarchical
textures and form a slippery surface, Wong et al. developed a slippery liquid-infused
porous surface (SLIPS), repellent to various liquids.8 Such self-cleaning surfaces have
great potential for fluid transportation, airplane and watercraft coatings, and medical
applications, because they exhibit low contact angle hysteresis, self-healing, anti-icing
and anti-biofouling properties.8-14
To realize their full potential, self-cleaning surfaces need to be produced over a large
area in a cost-efficient manner. Despite substantial attempts to achieve practical
applications,15, 16 limitations still remain for the continuous and efficient fabrication of
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SHS and few processes have been adopted by industrial concerns. This is due to most
reported methods requiring multiple complex processing steps, harsh processing
conditions, low throughput, substrate limitations, or high cost involved in their use.17, 18
Meanwhile, while the research of SLIPS has emerged in the last few years, the
continuous fabrication of SLIPS over large areas in a cost effective method has not yet
been demonstrated. This gap may be attributed to difficulties in manufacturing large area
substrates that have porous or patterned surfaces and chemical affinity to preserve the
fluorinated lubricant. These criteria limit the choice of substrates to intrinsically porous
materials with low surface energy, for instance, porous Teflon nanofibrous mats or
pre-patterned films that have been surface modified with low surface energy chemicals.
These requirements, however, involve multiple tedious steps, including patterning,
surface chemical treatment, and lubricant coating.8 All these restrictions mentioned have
impeded the wider use of SHS and SLIPS.
Since Tan et al.19 proposed roller nanoimprint lithography, it has been hailed as the
most promising industrial technique for nanoimprint due to its high-throughput, low-cost
and ability to be a continuous process. Later, researchers from Guo’s group developed a
UV roll-to-roll nanoimprint lithography (R2R NIL) technique for high speed, continuous
imprinting of sub-100 nm patterns on flexible substrates.20, 21 Recent development in
R2R NIL22 makes it a very promising technique for the fast and cheap fabrication of SHS
and SLIPS for self-cleaning applications.
In the current study, we describe the fabrication and advanced function of biomimetic
superhydrophobic surfaces (SHS) and slippery lubricant infused porous surfaces (SLIPS).
94

We sought to develop the ability to accomplish this rapidly over large areas using
roll-to-roll nanoimprint lithography.

Understanding the unique matching of new

materials with new processes, a large area biomimetic SHS or SLIPS coating can be
achieved, which presents extreme repellence to various liquids. To demonstrate the
effectiveness of these biomimetic surfaces, their anti-biofouling properties will be
assessed.
5.2. Experimental
5.2.1. Materials.

All

reagents

were

used

as

received

1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione

unless

otherwise

(TTT),

specified.

pentaerythritol

tetrakis(3-mercaptopropionate) (PETMP), propylene glycol monomethyl ether acetate
(PGMEA), and benzoin methyl ether (BME) were purchased from Sigma-Aldrich.
Perfluoropolyether acrylate (CN4002) was purchased from Sartomer USA, LLC.
Norland Optical Adhesives 74 was purchased from Norland Products, NJ, USA.
1H,1H,2H,2H-Perfluorodecyl acrylate (PFDA) was purchased from Alfa Aesar, MA,
USA. DuPont Krytox lubricant was purchased from Kurt J.Lesker company, USA.
2-hydroxyethyl methacrylate (98%) were purchased from Acros Organics and
Poly(2-hydroxymethyl methacrylate) (PHEMA) was synthesized according to our
previous work.23
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5.2.2. Fabrication of hierarchical wrinkle master mold and crosslinked
perfluoropolyether acrylate (PFPE) hybrid mold.
The hierarchical wrinkle pattern was fabricated by inducing micro-size wrinkles on
pre-nanopatterned PHEMA films according to a method described previously.23 Briefly, a
“hardened”, cross-linked polydimethylsiloxane elastomer mold replicated from a master
mold with pillar patterns (700 nm size, 1 µm periodicity and 750 nm height) was
imprinted into a PHEMA film. The nano-patterned PHEMA film was then immersed in a
solution of toluene and methyltrichlorosilane (V/V: 100/5) at 100 ºC and allowed to react
to form wrinkling structures. The obtained hierarchical patterned surface with
nano-pillars

and

micro-wrinkles

was

treated

with

heptadecafluoro-1,1,2,2-tetrahydrodecyldimethylsilane and used as master mold to
replicate PFPE hybrid molds by UV NIL as the molds for roll-to-roll process using the
method described elsewhere.24

5.2.3. Preparation of UV curable photoresist.
A UV curable low surface energy photoresist based on thiol-ene chemistries was
developed for R2R UV NIL. A small amount (ranging from 0.0 wt.% to 1.0 wt.%) of
PFDA was mixed with molar equivalent TTT and PETMP. BME (1.0 wt.%) was added
as photoinitiator.

5.2.4. Roll-to-roll (R2R) nanoimprinting.
Detailed procedures of R2R nanocoating and nanoimprinting have been described
previously.24 Briefly, PFPE hybrid molds were wrapped around the embossing roller
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using a double-side tape. A coating solution consisting of 70 wt.% photoresist in PGMEA
was coated on corona treated PET web using a Mayer rod coating unit to achieve ~5 μm
thick resist film. The two vacuum rollers applied web tension against the photoresist
coated web and the molds when the web was fed into the embossing roller. The
photoresist was cured using a UV light source (Omnicure 1000, EXFO) and the web with
cured photoresist was continuously separated from molds and rewound on rewinding
roller as the web moved forward. The web speed was kept at 10 inches min-1 for both
coating and imprinting. Patterned web was then coated with a thin layer of DuPont
Krytox lubricant using a Mayer rod coating unit to form slippery lubricant infused porous
surfaces.

5.2.5. Evaluation of bacteria attachment.
The antifouling properties of the samples were evaluated using Escherichia coli K12
MG1655 (E. coli), a similar strain as used by Aizenberg et al

13

.) as model bacteria for

attachment. Each sample was placed in a separate well of a 6-well polystyrene plate to
which 10 mL of M9 growth media containing ampicillin (100 µg mL-1) was added.
Overnight cultures of E. coli (1.0 × 108 cells mL-1) grown in Difco Luria–Bertani broth
with ampicillin (100 µg mL-1) were inoculated into each well and incubated at 37 °C for
2 hr. The growth media was then removed via a sterilized glass pipette and the samples
were lightly shaken and rinsed repeatedly three times with sterile phosphate buffered
saline solution. The samples were then fixed for 10 min using a fresh
4%-paraformaldhyde, mounted between sterilized 22-mm glass coverslips, and sealed
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using an equal part mixture of Vaseline, lanoline, and paraffin wax (VALAP). To quantify
the attachment of viable bacteria, confocal laser scanning microscopy (CLSM, Nikon-D
Eclipse) with a 60× Nikon NF oil immersion objective and a green argon laser were used.
Flat PET samples acted as an internal control to normalize the amount of bacteria that
attached during each experiment. For each sample, 10-15 micrographs were randomly
acquired with at least 3 parallel replicates. Subsequent image analysis was performed
with ImageJ 1.45 software (National Institutes of Health, Bethesda, MD).

5.2.6. Characterization.
Contact angles were measured using a VCA Optima surface analysis/goniometry
system. Surface composition was analyzed by X-ray Photoelectron Spectroscopy using
using a Physical Electronics Quantum 2000 Microprobe with monochromatic Al X-rays.
Films surface structures characterization was carried out using an Olympus optical
microscope, DI Dimension-3000 atomic force microscope and JEOL JSM–7001F
scanning electron microscope. Film thicknesses were analyzed using a Veeco Dektak
Stylus Profilometer.
5.3. Results and discussion
To realize high speed R2R UV NIL processes, resist materials should be stringently
selected to satisfy several requirements: modest viscosity, good wetting properties and
fast curing speed with low shrinkage.21 Photoresists based on the thiol-ene reaction of a
multifunctional thiol monomer and a multifunctional ene compound are insensitive to
oxygen inhibition, and have fast curing rates with high conversion and low shrinkage, 25
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making them suitable for fast R2R NIL with high feature fidelity. A thiol-ene based resist
material consisting of 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TTT) and
pentaerythritol

tetrakis(3-mercaptopropionate)

(PETMP)

has

been

successfully

demonstrated for Step and Flash Imprint Lithography.26 Moreover, surface chemistry and
wetting behavior of this thiol-ene based coating can be controlled simply by
incorporating numerous ene-containing comonomers with versatile functionalities into
the

resist.

Hence,

by

utilizing

an

ultralow

surface

energy

monomer,

1H,1H,2H,2H-perfluorodecyl acrylate (PFDA), a thiol-ene based hydrophobic resist was
developed for fast R2R UV NIL (Figure 5.1).

Figure 5.1. Thiol-ene based photoresist for R2R UV NIL
The surface energy of resists containing varying PFDA content was approximated by
the Owens-Wendt analysis (Equation 5.1):27
Equation 5.1

𝛾𝑑

𝛾ℎ

𝑙𝑣

𝑙𝑣

𝑑
ℎ
1 + cos 𝜃 = 2√𝛾𝑠𝑣
(𝛾𝑙𝑣 ) + 2√𝛾𝑠𝑣
(𝛾𝑙𝑣 )

where θ is the liquid contact angle; γlv and γsv are the surface tension of liquid and solid
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respectively; superscripts h and d stand for polar (or hydrogen bonding) and dispersive
components of surface tension.

Figure 5.2. Water (open square) and hexadecane (solid circle) contact angle of flat
resist film as well as surface energy of resist (solid triangle) as function of PFDA mass
fraction.
𝑑
ℎ
𝑑
Water (𝛾𝑙𝑣
= 21.8 mN m-1 and 𝛾𝑙𝑣
= 51.0 mN m-1) and hexadecane (𝛾𝑙𝑣
= 27.5
ℎ
mN m-1 and 𝛾𝑙𝑣
= 0.0 mN m-1) were used as the polar and dispersive liquids,

respectively. As illustrated in Figure 5.2, as the PFDA content in the resist increased, the
surfaces became more hydrophobic and less oleophilic. Specifically, at PFDA mass
fraction around 0.1 wt.%, the surface changed from hydrophilic to hydrophobic. With
further increase of PFDA content, the contact angle of water and hexadecane increased
and reached a plateau of around 116º and 83º, respectively. The estimated surface energy
decreased from 49.9 mN m-1 to less than 10 mN m-1 as concentration of the PFDA was
increased. The surface energy plateau value (10 mN m-1) at PFDA concentration greater
than 0.5 wt.% is comparable to the value of about 6.1 mN m-1 of pure
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poly(perfluorodecylacrylate), which is among the lowest values for fluoro-containing
polymers. 28

Figure 5.3. (a) and (b) XPS spectra of pure PR and PR with 1wt.% PFDA. (c) XPS
analysis of surface fluorine percentage as a function of PFDA mass fraction. Open
square: 15º takeoff angle; solid circle: 75º takeoff angle.
The water and hexadecane contact angles, as well as, the estimated surface energy
indicate that even a very little amount of PFDA (~ 0.50 wt.%) can significantly enhance
the hydrophobicity of the resist coating. It is well known that polymer chains with low
free surface energy, such as perfluorinated alkyl segments, tend to migrate to the
polymer-air interface, due to favorable thermodynamic interaction forces between low
surface energy moieties and air. 29, 30 The enrichment of fluoroalkyl chains on the surface
was confirmed by surface elemental composition analysis using X-ray Photoelectron
Spectroscopy (XPS) (Figure 5.3). With the addition of PFDA, an intense fluorine peak
appears in the XPS spectra. The fluorine elemental percentage increases with PFDA
fraction and reaches as high as 50%, which is substantially higher than the overall
proportion of fluorine in the resist which only consists of 1.0 wt.% of PFDA. The
fluorine content in the top layer ~1.5 nm from the surface (15º takeoff angle) is much
higher than that in the top ~4 nm layer (75º takeoff angle). XPS analysis indicates a
substantial surface enrichment of low surface energy fragments, which is consistent with
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the change in resist surface energy. Therefore, the low surface energy resist with PFDA
content higher than 0.50 wt.% is suitable for R2R NIL fabrication of SHS.
Figure 5.4a and 5.4b illustrate the R2R NIL process, including resist coating,
imprinting and curing. A 70 wt.% solution of resist dissolved in propylene glycol
monomethyl ether acetate (PGMEA) was coated on the PET substrate using a coating
roller and excess resist solution was removed using a Mayer rod (No. 2.5) to give a ~5
μm thick resist coating. The remaining solvent in the resist was removed using a forced
air drying station as the web moved forward.

Figure 5.4. (a) Schematics of R2R UV NIL and lubricant coating process; (b)
Cartoons of R2R UV NIL process; (c) R2R lubricant coating.
Master molds containing the requisite structures for R2R NIL were fabricated by
inducing wrinkles on pre-patterned poly(2-hydroxyethyl methacrylate) (PHEMA) films
as shown in Figure 5.5a. The complete description of the wrinkling process can be found
in our previous publication.23 As shown in Figure 5.5b and 5.5c, hierarchical structures
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with a combination of nano-pillars on micro-wrinkles were prepared on silicon wafers.
PFPE hybrid daughter molds were replicated from the wrinkled master molds, attached
to a rubber cushion layer with double sided adhesive tape, and wrapped around the
embossing roller.24

Figure 5.5. (a) Schematics of the formation of hierarchical wrinkle; (b) and (c) SEM
images of hierarchically wrinkled structures on master mold; (d) and (e) SEM
images of R2R imprinted patterns on PET. Scale bar: 5 μm.
As the web was fed into the embossing roller, the two vacuum rollers applied tension
against the photoresist coated web and the molds. The tension forced resist into the mold
patterns; the resist was then rapidly cured using a UV light source (Omnicure 1000,
EXFO with intensity of 2 W cm-2). The web with cured patterned photoresist was
continuously separated from the embossing roller molds and rewound on a take-up roll as
the web moved forward. The web speed was kept at 10 inches per min for both coating
and imprinting and can be further increased by using a higher intensity UV source.
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Figure 5.6. R2R NIL fabricated patterns: (a) and (b) photographs of nanoimprinted
web in R2R process; (c)-(e) SEM images of patterned surfaces; (f) AFM images of
patterned surfaces. Scale bar: (c) and (d), 20 μm; (e) and (f), 2 μm.
Successful patterning was accomplished and Figure 5.6a shows a sample web that is
a few meters in length produced by the imprint process. Figure 5.6b displays a piece of
fabricated pattern on the flexible PET substrate. SEM and AFM micrographs depict the
surface structures of the imprinted webs (Figures 5.6c-f). Large wrinkled structures on
the scale of tens of micrometers are present randomly throughout the film (Figure 5.6c),
while regularly arrayed square nanopillars (700 nm size, 1 µm periodicity and 750 nm
height) rest on the wrinkled waves, giving rise to complex, hierarchical structures
(Figures 5.6d and 5.6e). The inset AFM micrograph (Figures 5.6f) reveals the expanded
and contracted area of pillar patterns, corresponding to the stretched peak area and
compressed valley area of wrinkled structure, respectively. Figure 5.5 depicts SEM
micrographs of hierarchical structures on both the master mold and the imprinted
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substrate. The exact transfer of both the wrinkling structures and the pillar patterns from
the master mold to the PET web demonstrates the excellent replication fidelity of R2R
NIL.

Figure 5.7. Wetting behaviors of superhydrophobic surfaces fabricated by R2R. (a) a
water droplet rested on R2R imprinted web; (b) advancing water contact angle (open
square) and sliding angle (solid triangle) as a function of PFDA mass fraction; at
PFDA concentrations less than 0.5wt.%, the water droplet (6 μL) adhered tightly on
the surface and did not slide even at titling angle of 90º, therefore, no sliding angle
was reported; (c) sliding of water droplet from SHS upon tilting.
The patterned surface exhibits superhydrophobicity without the need of any further
chemical treatments. A spherical droplet of water (Figure 5.7a) on the patterned web
surface can slide away easily when the web is tilted. As compared with flat hydrophobic
resist with CA of 116º, the wrinkle patterned surface has a much higher CA around 160º.
This enhancement of hydrophobicity is attributed to the hierarchical roughness (pillars
resting on sinusoidal wrinkles).31 The effect of PFDA concentration in the resist is
evaluated by plotting the advancing water contact angle and sliding angle on the
imprinted patterns as a function of PFDA content (Figure 5.7b). As expected, the water
contact angle increases from around 100º without PFDA to near 160º with PFDA content
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higher than 0.5 wt.%. The increase in contact angle is consistent with the decrease in
resist surface energy — a direct result of increasing PFDA content. At PFDA
concentrations below 0.5 wt. %, the water droplet (6 μL) adhered to the patterned
surfaces and did not move even at titling angle of 90º (hence no data entered into Figure
5.7b). At PFDA content higher than 0.5wt.%, the wrinkled surface becomes
superhydrophobic and water droplet can readily slide away at tilting angle less than 10º
(Figures 5.7b and 5.7c).

The change in advancing water contact angle and sliding angle

revealed that increasing PFDA concentration correlated to a transition of wetting
condition: from a wetting condition where water is fully impaled (Wenzel state) to the
nonwetting Cassie–Baxter state with enhanced hydrophobicity.

Figure 5.8. Optical transparency enhancement of SLIPS (left) as
compared with SHS. (right).
Slippery lubricant infused surfaces (SLIPS) were achieved by coating the imprinted
PET substrate with Krytox perfluoropolyether lubricant using a Mayer rod coating
station (Figure 5.4). SLIPS showed enhanced optical transparency as compared with SHS
(Figure 5.8), which is attributed to the decreased light scattering because of lubricant
coating.8 The stability of SLIPS was evaluated by observing the change in CA during the
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incubation of SLIPS under aqueous conditions. After 5 days incubation, the water CA of
the SLIPS substrate stabilized around 114º and the contact angle hysteresis (CAH)
increased slightly but still remained low (<5º, Figure 5.9), indicating the SLIPS was very
stable upon incubation.

Figure 5.9. Water advancing contact angles and contact angle hysteresis of SLIPS as
a function of incubation time in growth media (M9 minimal media).
The wetting behavior of SHS and SLIPS was compared using standard liquids:
hexadecane (γ=27.5 mN m-1), ethylene glycol (γ=44.8 mN m-1), glycerol (γ=64.0 mN m-1)
and water (γ=72.8 mN m-1) 32. The results were plotted in Figure 5.10a and showed that
the contact angle of both surfaces increased with increasing liquid surface tension. As for
the SHS samples, CAHs were low (< 10º) for the high surface tension liquids, water and
glycerol, while in the case of low surface tension liquids, ethylene glycol and hexadecane,
the CAHs were much higher (> 50º). Accordingly, the droplets of water and glycerol
could readily slide away from SHS at a low tilting angle (< 10º) while ethylene glycol
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and hexadecane droplets were pinned tightly onto the SHS even at a tilting angle of 90º.
In comparison, SLIPS exhibited extremely low CAHs (<5º) for both high and low
surface energy liquids. All of the liquids tested easily slipped away from the surface at a
low tilting angle. Figure 5.10b shows the mobility of hexadecane droplets (stained with
oil red O) on 8 cm × 8 cm SLIPS and SHS samples tilted at 20°. Hexadecane quickly slid
away from SLIPS while it was firmly arrested on SHS. The comparison of wetting
behaviors of SHS and SLIPS suggest that the SLIPS have a superior self-cleaning
capability for low surface tension liquid contaminations.

Figure 5.10. Wetting behavior of SHS and SLIPS: a) advancing water contact angle
(solid) and contact angle hysteresis (open) on SHS (circle) and SLIPS (square) as a
function of testing liquid surface tension; (b) mobility of hexadecane droplet (stained
with oil red O) on SLIPS and SHS with tilting angle of 20 º.
To explore the potential biomimetic applications of the flexible, large area SHS and
SLIPS manufactured by R2R nanoimprint, the anti-biofouling properties were
investigated by challenging the surfaces with E. coli bacteria. The samples were
incubated in bacteria solution for 2 hr and the attachment of E. coli on the sample surface
was quantified using confocal laser scanning microscopy (CLSM). As shown in Figure
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5.11, flat resist films exhibited ~20% less bacterial attachment than a bare PET substrate.
The SHS displayed substantially lower adhesion of E. coli than the PET substrate, ~60%
less bacteria. The outstanding anti-biofouling property of SHS is comparable to the
surfaces described in the work of Freschauf et al.33 and Rahmawan et al.34, where E. coli
and calf pulmonary artery endothelial cells, respectively, poorly adhered to their
superhydrophobic hierarchically wrinkled patterns. The superhydrophobic nature of the
SHS along with their favorable surface chemistry and topography caused the SHS to
resist microbial attachment. 33

Figure 5.11. Fluorescence images of E. coli attached to (a) PET, (b) flat resist, (c) SHS,
(d) SLIPS. (e) E. coli attachment on PET, flat resist, SHS and SLIPS with values
normalized to the coverage on the PET control. Asterisk (*) and (**) denote statistical
significance with a p value of (0.01) in reference to PET and flat resist control,
respectively. Scale bar: 10 μm.
By coating a layer of lubricant on SHS and creating a SLIPS surface, bacterial
adhesion was reduced by 98% versus the PET control surface. To exclude the influence
of the potential toxicity of lubricant on the low adhesion of bacteria on SLIPS, the
cytotoxicity of Krytox was assessed through standard Live/Dead staining of bacteria in
solution.

35

E. coli was incubated in growth media (M9 minimal media) containing the
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lubricant (2.5% and 5%) for 2 hr at 37 °C. Viability of E. coli was >95% under tested
conditions (Figure 12), indicating that under these conditions there is no evidence of
Krytox cytotoxicity.

Figure 5.12. The assessment of cytotoxicity of the lubricant. The cytotoxicity of
Krytox was assessed through standard Live/Dead staining of bacteria in solution.
E. coli was incubated in growth media (M9 minimal media) containing the lubricant
(2.5% and 5%) for 2 hr at 37°C. Viability of E. coli was >95% under tested
conditions, indicating that Krytox is not cytotoxic.
Figure 5.11d illustrates the low adhesion of E. coli on SLIPS. There are two reasons
for this low adhesion. Firstly, because the E. coli solution was not miscible with the
lubricant, the bacteria could not penetrate through the lubricant layer into contact with
the solid surface. Secondly, bacteria cannot anchor onto a lubricant surface. Therefore,
any bacteria in contact with SLIPS can easily be released by any small perturbation or
rinsing, contributing to the excellent anti-biofouling function of SLIPS.13
5.4. Conclusions
We have described the fabrication and advanced function of biomimetic
superhydrophobic surfaces (SHS) and slippery lubricant infused porous surfaces (SLIPS).
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Our novel contribution includes the ability to accomplish this rapidly over large areas
using roll-to-roll nanoimprint lithography.

Flexible roll-to-roll molds are replicated

from hierarchically wrinkled patterns and imprinted to hydrophobic photoresist through
roll-to-roll UV nanoimprint process.

The imprinted patterns on flexible substrates

exhibit superhydrophobicity with water contact angle around 160° without any further
surface chemical modification. Coating the patterned surface with a layer of lubricant,
SLIPS are fabricated with outstanding repellence to various liquids. This is the first
successful attempt in scaling up the fabrication of SHS and SLIPS using a roll-to-roll
nanoimprint lithography fabrication technique.
thiol-ene based photopolymers.

We also report new patternable

These are hydrophobic, fast-curing, polymers

optimized for use in roll-to-roll UV nanoimprint lithography.
Both SHS and SLIPS show good anti-biofouling properties with a 60% and 98%
reduction in E. coli adhesion, respectively, as compared with a PET control. The R2R
NIL process enables a cost-efficient way to produce SHS and SLIPS with excellent
self-cleaning and anti-biofouling properties on a large scale, providing great potential to
realize the practical applications of such biomimetic surfaces.
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CHAPTER 6

CONCLUSIONS AND FUTURE OUTLOOK

6.1. Conclusions
In conclusion, this dissertation investigated two different types of pattern fabrication
techniques: top-down lithography approach, including nanoimprint lithography and
spacer lithography, as well as bottom-up spontaneous wrinkling approach. Through the
combination of nanoimprint lithography and spontaneous wrinkling, well-tuned
functional surfaces with hierarchical structures can be fabricated over large areas.

6.1.1. Spacer lithography based on dopamine coating for the fabrication of sub-20
nm patterns
We have developed a new, cost-effective type of spacer lithography using a
polydopamine coating technique. Pattern density was doubled and the feature size
reached as low as 20 nm. Besides the regular line gratings, well-defined rhombus ring
structures were also prepared with feature width around 20 nm. The fabricated features
were further applied as etching masks to transfer the patterns to silica substrates. This
work also represents the first attempt to utilize the PDA pyrolysis to prepare small size
patterns with line widths as low as 13 nm.

6.1.2. Patterned polymer films via reactive silane infusion-induced wrinkling
Polymer thin films were successfully patterned and functionalized simultaneously
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through a reactive silane infusion. The wrinkle size and periodicity can be controlled
from the nano-scale to micro-scale. Hierarchically ordered structures were generated by
pre-patterning using nanoimprint lithography and subsequent spontaneous wrinkling.
Moreover, the wrinkled patterns can be transferred to other polymer films by nanoimprint
lithography. The technique allows for control over both the morphology and the chemical
nature of the surface. It represents a powerful new method that can expand potential
applications of wrinkle-based systems.

6.1.3. Superhydrophobic surfaces from hierarchically wrinkled polymers
Hierarchically wrinkled polymer films were created by combining top-down
nanoimprint lithography and a bottom-up wrinkling process. The resulted surfaces
exhibited regularly ordered herringbone structures accomplished through the geometric
confinement of the imprinted nanopatterns. Due to the complimentary micro/nano dual
scale roughness, the hierarchically wrinkled surface exhibited superhydrophobicity with
contact angle higher than 160º and contact angle hysteresis lower than 10º. This work
provides a controlled simple, and efficient method to prepare superhydrophobic surfaces
which will present opportunities for exploitation in a number of known potential
applications, such as self-cleaning, antibacterial surfaces, and drag reduction. The
anisotropic surfaces offer hierarchical roughness, which might also be beneficial for
applications in adhesion, artificial skin, gas sensors, light sensors, etc.
6.1.4. Scaling up nature ― large area flexible biomimetic surfaces
Biomimetic superhydrophobic surfaces (SHS) and slippery lubricant infused porous
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surfaces (SLIPS) have been generated by roll-to-roll nanoimprint lithography. This facile
technique allows for fast, continuous fabrication of functional surfaces over large areas.
The imprinted patterns on flexible substrates exhibited superhydrophobicity without any
further surface chemical modification. Coating the patterned surface with a layer of
lubricant, SLIPS were fabricated with outstanding repellence to various liquids. Both
SHS and SLIPS showed good anti-biofouling properties with a 60% and 98% reduction
in E. coli adhesion, respectively, as compared with a PET control. The roll-to-roll process
enables a cost-efficient way to produce SHS and SLIPS with excellent self-cleaning and
anti-biofouling properties on a large scale, providing great potential for the practical
applications.
6.2. Future outlook
In this dissertation, a facile and effective spacer lithography technique using
polydopamine coating for the successful fabrication of sub-20 nm scale patterns is
described. Future research should be conducted to further reduce the pattern size to
sub-10 nm scale and study the electric and catalytic properties of carbonized PDA lines.
The conductive carbonized PDA patterns could find extensive applications in
ultra-sensitive single molecule sensing. Moreover, the self-deposition of functional
dopamine derivatives, post-grafting of polymers with amine- or thiol-groups to PDA, or
co-deposition of PDA with other polymers could enable the incorporation of more
functional groups into the sidewalls of the patterns. Through controlled etching and
pyrolysis, well-tuned nanofeatures with a broad range of compositions, such as silicon
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dioxide and titanium dioxide, could potentially be achieved by this dopamine chemistry
inspired spacer lithography.
Our fabrication approach for hierarchically wrinkled features enables the control of
structures and roughness on both nano- and micro-scale. The well-developed wrinkled
surfaces with variable specific surface areas can be adapted as templates to pattern
functional materials, such as zinc oxide, titanium dioxide, and stannic oxide. Such
inorganic semi-conducting materials have been widely applied as sensors for the
detection of light, gas, and toxic chemicals. The patterned surface would significantly
increase the surface area, which could considerably enhance the sensitivity of such
devices.

Meanwhile, wrinkled patterns can be transferred to elastic polymer films, such

as polydimethylsiloxane elastomer, to generate flexible patterned films, which can be
utilized for stress/strain sensor, and may functionalize as artificial skin. Additionally, the
involvement of roll-to-roll nanoimprint lithography technique can extensively scale up
the manufacturing of these patterned functional surfaces, pushing the research
achievement toward practical applications.

119

BIBLIOGRAPHY
Ahn, S.; Cha, J.; Myung, H.; Kim, S.M.; Kang, S., Continuous Ultraviolet Roll
Nanoimprinting Process for Replicating Large-Scale Nano-and Micropatterns. Appl.
Phys. Lett. 2006, 89, 213101.
Ahn, S. H.; Guo, L. J., High-Speed Roll-to-Roll Nanoimprint Lithography on Flexible
Plastic Substrates. Adv. Mater. 2008, 20, 2044-2049.
Ahn, S. H.; Guo, L. J., Large-Area Roll-to-Roll and Roll-to-Plate Nanoimprint
Lithography: A Step toward High-Throughput Application of Continuous
Nanoimprinting. ACS nano 2009, 3, 2304-2310.
Ai, K. L.; Liu, Y. L.; Ruan, C. P.; Lu, L. H.; Lu, G. Q., Sp2 C-Dominant N-Doped
Carbon Sub-Micrometer Spheres with a Tunable Size: A Versatile Platform for
Highly Efficient Oxygen-Reduction Catalysts. Adv. Mater. 2013, 25, 998-1003.
Amigoni, S.; de Givenchy, E. T.; Dufay, M.; Guittard, F., Covalent Layer-by-Layer
Assembled Superhydrophobic Organic-Inorganic Hybrid Films. Langmuir 2009, 25,
11073-11077.
Anand, S.; Paxson, A. T.; Dhiman, R.; Smith, J. D.; Varanasi, K. K., Enhanced
Condensation on Lubricant-Impregnated Nanotextured Surfaces. ACS nano 2012, 6,
10122-10129.
Austin, M. D.; Ge, H. X.; Wu, W.; Li, M. T.; Yu, Z. N.; Wasserman, D.; Lyon, S. A.;
Chou, S. Y., Fabrication of 5 nm Linewidth and 14 nm Pitch Features by
Nanoimprint Lithography. Appl. Phys. Lett. 2004, 84, 5299-5301.
Auzelyte, V.; Dais, C.; Farquet, P.; Grutzmacher, D.; Heyderman, L. J.; Luo, F.; Olliges,
S.; Padeste, C.; Sahoo, P. K.; Thomson, T.; Turchanin, A.; David, C.; Solak, H. H.,
Extreme Ultraviolet Interference Lithography at the Paul Scherrer Institut. J
Micro-Nanolith Mem 2009, 8, 021204-021204.
Bak, C. H.; Ku, S. J.; Jo, G. C.; Jung, K.; Lee, H. J.; Kwon, S. H.; Kim, J. B., Ultrahigh
Density Sub-10 nm TiO2 Nanosheet Arrays with High Aspect Ratios via the
Spacer-Defined Double-Patterning Process. Polymer 2015, 60, 267-273.
Bantz, M. R.; Brantley, E. L.; Weinstein, R. D.; Moriarty, J.; Jennings, G. K., Effect of
Fractional Fluorination on the Properties of ATRP Surface-Initiated
Poly(Hydroxyethyl Methacrylate) Films. J. Phys. Chem. B 2004, 108, 9787-9794.
120

Baxter, S.; Cassie, A., The Water Repellency of Fabrics and a New Water Repellency
Test. J. Text. Inst., Trans. 1945, 36, T67-T90.
Bechert, D. W.; Bruse, M.; Hage, W.; Meyer, R., Fluid Mechanics of Biological Surfaces
and Their Technological Application. Naturwissenschaften 2000, 87, 157-171.
Bernsmann, F.; Ball, V.; Addiego, F.; Ponche, A.; Michel, M.; Gracio, J. J. D.; Toniazzo,
V.; Ruch, D., Dopamine-Melanin Film Deposition Depends on the Used Oxidant
and Buffer Solution. Langmuir 2011, 27, 2819-2825.
Bhushan, B.; Jung, Y. C.; Koch, K., Micro-, Nano- and Hierarchical Structures for
Superhydrophobicity, Self-Cleaning and Low Adhesion. Philos. Trans. R. Soc. A
2009, 367, 1631-1672.
Biot, M., Bending of an Infinite Beam on an Elastic Foundation. Zeitschrift fiir
Angewandte Maihematik und Mechanik 1922, 2, 165-184.
Biswas, A.; Bayer, I. S.; Biris, A. S.; Wang, T.; Dervishi, E.; Faupel, F., Advances in Top–
down and Bottom–up Surface Nanofabrication: Techniques, Applications & Future
Prospects. Adv. Colloid Interface Sci. 2012, 170, 2-27.
Bowden, N.; Brittain, S.; Evans, A. G.; Hutchinson, J. W.; Whitesides, G. M.,
Spontaneous Formation of Ordered Structures in Thin Films of Metals Supported on
an Elastomeric Polymer. Nature 1998, 393, 146-149.
Brantley, E. L.; Holmes, T. C.; Jennings, G. K., Modification of ATRP Surface-Initiated
Poly(Hydroxyethyl Methacrylate) Films with Hydrocarbon Side Chains. J. Phys.
Chem. B 2004, 108, 16077-16084.
Breid, D.; Crosby, A. J., Surface Wrinkling Behavior of Finite Circular Plates. Soft
Matter 2009, 5, 425-431.
Byeon, K. J.; Lee, H., Recent Progress in Direct Patterning Technologies Based on
Nano-Imprint Lithography. Eur. Phys. J.-Appl. Phys. 2012, 59.
Cai, S. Q.; Chen, D. Y.; Suo, Z. G.; Hayward, R. C., Creasing Instability of Elastomer
Films. Soft Matter 2012, 8, 1301-1304.
Cassie, A. B. D.; Baxter, S., Wettability of Porous Surfaces. Trans. Faraday Soc. 1944,
40, 0546-0550.
Caykara, T.; Ozyurek, C.; Kantoglu, O.; Guven, O., Influence of Gel Composition on the
Solubility Parameter of Poly(2-Hydroxyethyl Methacrylate-Itaconic Acid). J. Polym.
Sci., Part B: Polym. Phys. 2002, 40, 1995-2003.
121

Chan, E. P.; Crosby, A. J., Spontaneous Formation of Stable Aligned Wrinkling Patterns.
Soft Matter 2006, 2, 324-328.
Chan, E. P.; Smith, E. J.; Hayward, R. C.; Crosby, A. J., Surface Wrinkles for Smart
Adhesion. Adv. Mater. 2008, 20, 711.
Chandra, D.; Crosby, A. J., Self-Wrinkling of UV-Cured Polymer Films. Adv. Mater.
2011, 23, 3441-3445.
Chang, K. C.; Lu, H. I.; Peng, C. W.; Lai, M. C.; Hsu, S. C.; Hsu, M. H.; Tsai, Y. K.;
Chang, C. H.; Hung, W. I.; Wei, Y.; Yeh, J. M., Nanocasting Technique to Prepare
Lotus-Leaf-Like Superhydrophobic Electroactive Polyimide as Advanced
Anticorrosive Coatings. ACS Appl. Mater. Interfaces 2013, 5, 1460-1467.
Chen, C. M.; Yang, S., Wrinkling Instabilities in Polymer Films and Their Applications.
Polym. Int. 2012, 61, 1041-1047.
Chen, J.; Dou, R. M.; Cui, D. P.; Zhang, Q. L.; Zhang, Y. F.; Xu, F. J.; Zhou, X.; Wang, J.
J.; Song, Y. L.; Jiang, L., Robust Prototypical Anti-Icing Coatings with a
Self-Lubricating Liquid Water Layer between Ice and Substrate. ACS Appl. Mater.
Interfaces 2013, 5, 4026-4030.
Choi, W. M.; Song, J.; Khang, D.-Y.; Jiang, H.; Huang, Y. Y.; Rogers, J. A., Biaxially
Stretchable “Wavy” Silicon Nanomembranes. Nano Lett. 2007, 7, 1655-1663.
Chou, S. Y.; Krauss, P. R., Imprint Lithography with sub-10 nm Feature Size and High
Throughput. Microelectron. Eng. 1997, 35, 237-240.
Chou, S. Y.; Krauss, P. R.; Renstrom, P. J., Imprint Lithography with 25-nanometer
Resolution. Science 1996, 272, 85-87.
Chou, S. Y.; Krauss, P. R.; Renstrom, P. J., Imprint of sub-25 nm Vias and Trenches in
Polymers. Appl. Phys. Lett. 1995, 67, 3114-3116.
Chou, S. Y.; Krauss, P. R.; Zhang, W.; Guo, L. J.; Zhuang, L., sub-10 nm Imprint
Lithography and Applications. J. Vac. Sci. Technol., B: Microelectron. Nanometer
Struct.--Process., Meas., Phenom. 1997, 15, 2897-2904.
Chua, D. B. H.; Ng, H. T.; Li, S. F. Y., Spontaneous Formation of Complex and Ordered
Structures on Oxygen-Plasma-Treated Elastomeric Polydimethylsiloxane. Appl.
Phys. Lett. 2000, 76, 721-723.
Chung, J. Y.; Youngblood, J. P.; Stafford, C. M., Anisotropic Wetting on Tunable
Micro-Wrinkled Surfaces. Soft Matter 2007, 3, 1163-1169.
122

Cui, B.; Yu, Z. N.; Ge, H. X.; Chou, S. Y., Large Area 50 nm Period Grating by Multiple
Nanoimprint Lithography and Spatial Frequency Doubling. Appl. Phys. Lett. 2007,
90.
Cui, Y. H.; Paxson, A. T.; Smyth, K. M.; Varanasi, K. K., Hierarchical Polymeric
Textures Via Solvent-Induced Phase Transformation: A Single-Step Production of
Large-Area Superhydrophobic Surfaces. Colloids Surf., A 2012, 394, 8-13.
Dai, S. X.; Zhang, D. B.; Shi, Q.; Han, X.; Wang, S. J.; Du, Z. L., Biomimetic
Fabrication and Tunable Wetting Properties of Three-Dimensional Hierarchical ZnO
Structures by Combining Soft Lithography Templated with Lotus Leaf and
Hydrothermal Treatments. Crystengcomm 2013, 15, 5417-5424.
Davis, C. S.; Crosby, A. J., Mechanics of Wrinkled Surface Adhesion. Soft Matter 2011,
7, 5373-5381.
del Campo, A.; Arzt, E., Fabrication Approaches for Generating Complex Micro- and
Nanopatterns on Polymeric Surfaces. Chem. Rev. 2008, 108, 911-945.
Dhuey, S.; Peroz, C.; Olynick, D.; Calafiore, G.; Cabrini, S., Obtaining Nanoimprint
Template Gratings with 10 nm Half-Pitch by Atomic Layer Deposition Enabled
Spacer Double Patterning. Nanotechnology 2013, 24.
Ding, W. L.; Yang, Y.; Zhao, Y.; Jiang, S. C.; Cao, Y. P.; Lu, C. H., Well-Defined
Orthogonal Surface Wrinkles Directed by the Wrinkled Boundary. Soft Matter 2013,
9, 3720-3726.
Ding, X. F.; Zhou, S. X.; Gu, G. X.; Wu, L. M., A Facile and Large-Area Fabrication
Method of Superhydrophobic Self-Cleaning Fluorinated Polysiloxane/TiO2
Nanocomposite Coatings with Long-Term Durability. J. Mater. Chem. 2011, 21,
6161-6164.
Ding, Y. H.; Weng, L. T.; Yang, M.; Yang, Z. L.; Lu, X.; Huang, N.; Leng, Y., Insights
into the Aggregation/Deposition and Structure of a Polydopamine Film. Langmuir
2014, 30, 12258-12269.
Efimenko, K.; Finlay, J.; Callow, M. E.; Callow, J. A.; Genzer, J., Development and
Testing of Hierarchically Wrinkled Coatings for Marine Antifouling. ACS Appl.
Mater. Interfaces 2009, 1, 1031-1040.
Epstein, A. K.; Wong, T. S.; Belisle, R. A.; Boggs, E. M.; Aizenberg, J., Liquid-Infused
Structured Surfaces with Exceptional Anti-Biofouling Performance. Proc. Natl.
Acad. Sci. U. S. A. 2012, 109, 13182-13187.

123

Erenturk, B.; Gurbuz, S.; Corbett, R. E.; Claiborne, S.-A. M.; Krizan, J.; Venkataraman,
D.; Carter, K. R., Formation of Crystalline Cadmium Selenide Nanowires. Chem.
Mater. 2011, 23, 3371-3376.
Erenturk, B.; Gurbuz, S.; Corbett, R. E.; Claiborne, S. A. M.; Krizan, J.; Venkataraman,
D.; Carter, K. R., Formation of Crystalline Cadmium Selenide Nanowires. Chem.
Mater. 2011, 23, 3371-3376.
Extrand, C. W., Model for Contact Angles and Hysteresis on Rough and Ultraphobic
Surfaces. Langmuir 2002, 18, 7991-7999.
Feng, X. J.; Jiang, L., Design and Creation of Superwetting/Antiwetting Surfaces. Adv.
Mater. 2006, 18, 3063-3078.
Freschauf, L. R.; McLane, J.; Sharma, H.; Khine, M., Shrink-Induced Superhydrophobic
and Antibacterial Surfaces in Consumer Plastics. Plos One 2012, 7, e40987.
Gates, B. D.; Xu, Q. B.; Stewart, M.; Ryan, D.; Willson, C. G.; Whitesides, G. M., New
Approaches to Nanofabrication: Molding, Printing, and Other Techniques. Chem.
Rev. 2005, 105, 1171-1196.
Genzer, J.; Groenewold, J., Soft Matter with Hard Skin: From Skin Wrinkles to
Templating and Material Characterization. Soft Matter 2006, 2, 310-323.
George, S. M., Atomic Layer Deposition: An Overview. Chem. Rev. 2010, 110, 111-131.
Ghiradella, H., Light and Color on the Wing-Structural Colors in Butterflies and Moths.
Appl. Opt. 1991, 30, 3492-3500.
Godinho, M. H.; Trindade, A. C.; Figueirinhas, J. L.; Melo, L. V.; Brogueira, P.; Deus, A.
M.; Teixeira, P. I. C., Tuneable Micro- and Nano-Periodic Structures in a
Free-Standing Flexible Urethane/Urea Elastomer Film. European Physical Journal
E 2006, 21, 319-330.
Groenewold, J., Wrinkling of Plates Coupled with Soft Elastic Media. Physica A 2001,
298, 32-45.
Guo, C. F.; Nayyar, V.; Zhang, Z.; Chen, Y.; Miao, J.; Huang, R.; Liu, Q., Path-Guided
Wrinkling of Nanoscale Metal Films. Adv. Mater. 2012, 24, 3010-3014.
Guo, L. J., Nanoimprint Lithography: Methods and Material Requirements. Adv. Mater.
2007, 19, 495-513.

124

Guvendiren, M.; Yang, S.; Burdick, J. A., Swelling-Induced Surface Patterns in
Hydrogels with Gradient Crosslinking Density. Adv. Funct. Mater. 2009, 19,
3038-3045.
Han, J. T.; Kim, S.; Karim, A., UVO-Tunable Superhydrophobic to Superhydrophilic
Wetting Transition on Biomimetic Nanostructured Surfaces. Langmuir 2007, 23,
2608-2614.
Hancock, M. J.; Sekeroglu, K.; Demirel, M. C., Bioinspired Directional Surfaces for
Adhesion, Wetting, and Transport. Adv. Funct. Mater. 2012, 22, 2223-2234.
Hardman, S. J.; Muhamad-Sarih, N.; Riggs, H. J.; Thompson, R. L.; Rigby, J.; Bergius,
W. N. A.; Hutchings, L. R., Electrospinning Superhydrophobic Fibers Using Surface
Segregating End-Functionalized Polymer Additives. Macromolecules 2011, 44,
6461-6470.
Harrison, C.; Stafford, C. M.; Zhang, W. H.; Karim, A., Sinusoidal Phase Grating Created
by a Tunably Buckled Surface. Appl. Phys. Lett. 2004, 85, 4016-4018.
Haupt, M.; Miller, S.; Sauer, R.; Thonke, K.; Mourran, A.; Moeller, M., Breath Figures:
Self-Organizing Masks for the Fabrication of Photonic Crystals and Dichroic Filters.
J. Appl. Phys. 2004, 96, 3065-3069.
Hoyle, C. E.; Lee, T. Y.; Roper, T., Thiol-Enes: Chemistry of the Past with Promise for
the Future. J. Polym. Sci., Part A: Polym. Chem. 2004, 42, 5301-5338.
Huang, J.; Juszkiewicz, M.; de Jeu, W. H.; Cerda, E.; Emrick, T.; Menon, N.; Russell, T.
P., Capillary Wrinkling of Floating Thin Polymer Films. Science 2007, 317,
650-653.
Huang, Q. L.; Li, J. F.; Evmenenko, G. A.; Dutta, P.; Marks, T. J., Systematic
Investigation of Nanoscale Adsorbate Effects at Organic Light-Emitting Diode
Interfaces. Interfacial Structure-Charge Injection-Luminance Relationships. Chem.
Mater. 2006, 18, 2431-2442.
Huang, Z. Y.; Hong, W.; Suo, Z., Nonlinear Analyses of Wrinkles in a Film Bonded to a
Compliant Substrate. J. Mech. Phys. Solids 2005, 53, 2101-2118.
Huck, W. T. S.; Bowden, N.; Onck, P.; Pardoen, T.; Hutchinson, J. W.; Whitesides, G. M.,
Ordering of Spontaneously Formed Buckles on Planar Surfaces. Langmuir 2000, 16,
3497-3501.
Huie, J. C., Guided Molecular Self-Assembly: A Review of Recent Efforts. Smart Mater
Struct 2003, 12, 264-271.
125

Huntington, M. D.; Engel, C. J.; Hryn, A. J.; Odom, T. W., Polymer Nanowrinkles with
Continuously Tunable Wavelengths. ACS Appl. Mater. Interfaces 2013, 5,
6438-6442.
Hutcheon, G. A.; Messiou, C.; Wyre, R. M.; Davies, M. C.; Downes, S., Water
Absorption and Surface Properties of Novel Poly(Ethylmethacrylate) Polymer
Systems for Use in Bone and Cartilage Repair. Biomaterials 2001, 22, 667-676.
Ionov, L.; Minko, S.; Stamm, M.; Gohy, J. F.; Jérôme, R.; Scholl, A., Reversible
Chemical
Patterning
on
Stimuli-Responsive
Polymer
Film:
Environment-Responsive Lithography. J. Am. Chem. Soc. 2003, 125, 8302-8306.
Jeong, H. E.; Kwak, R.; Khademhosseini, A.; Suh, K. Y., UV-Assisted Capillary Force
Lithography for Engineering Biomimetic Multiscale Hierarchical Structures: From
Lotus Leaf to Gecko Foot Hairs. Nanoscale 2009, 1, 331-338.
Jiang, H. Q.; Khang, D. Y.; Song, J. Z.; Sun, Y. G.; Huang, Y. G.; Rogers, J. A., Finite
Deformation Mechanics in Buckled Thin Films on Compliant Supports. Proc. Natl.
Acad. Sci. U. S. A. 2007, 104, 15607-15612.
John, J.; Muthee, M.; Yogeesh, M.; Yngvesson, S. K.; Carter, K. R., Suspended
Multiwall Carbon Nanotube-Based Infrared Sensors Via Roll-to-Roll Fabrication.
Adv. Opt. Mater. 2014, 2, 581-587.
John, J.; Tang, Y. Y.; Rothstein, J. P.; Watkins, J. J.; Carter, K. R., Large-Area,
Continuous Roll-to-Roll Nanoimprinting with PFPE Composite Molds.
Nanotechnology 2013, 24, 505307.
Kang, M. K.; Huang, R., Effect of Surface Tension on Swell-Induced Surface Instability
of Substrate-Confined Hydrogel Layers. Soft Matter 2010, 6, 5736-5742.
Kang, S. M.; Hwang, N. S.; Yeom, J.; Park, S. Y.; Messersmith, P. B.; Choi, I. S.; Langer,
R.; Anderson, D. G.; Lee, H., One-Step Multipurpose Surface Functionalization by
Adhesive Catecholamine. Adv. Funct. Mater. 2012, 22, 2949-2955.
Kato, S.; Sato, A., Micro/Nanotextured Polymer Coatings Fabricated by UV
Curing-Induced Phase Separation: Creation of Superhydrophobic Surfaces. J. Mater.
Chem. 2012, 22, 8613-8621.
Khang, D. Y.; Jiang, H. Q.; Huang, Y.; Rogers, J. A., A Stretchable Form of
Single-Crystal Silicon for High-Performance Electronics on Rubber Substrates.
Science 2006, 311, 208-212.

126

Khire, V. S.; Yi, Y.; Clark, N. A.; Bowman, C. N., Formation and Surface Modification of
Nanopatterned Thiol-Ene Substrates Using Step and Flash Imprint Lithography. Adv.
Mater. 2008, 20, 3308-3313.
Khoo, C. G. L.; Lando, J. B.; Ishida, H., Surface Modification of Contact-Lens Materials
by Silanization - an FTIR-ATR Study. J. Polym. Sci., Part B: Polym. Phys. 1990, 28,
213-232.
Kijlstra, J.; Reihs, K.; Klamt, A., Roughness and Topology of Ultra-Hydrophobic
Surfaces. Colloids Surf., A 2002, 206, 521-529.
Kim, D.-H.; Ahn, J.-H.; Choi, W. M.; Kim, H.-S.; Kim, T.H.; Song, J.; Huang, Y. Y.; Liu,
Z.; Lu, C.; Rogers, J. A., Stretchable and Foldable Silicon Integrated Circuits.
Science 2008, 320, 507-511.
Kim, D. H.; Lu, N.; Ghaffari, R.; Rogers, J. A., Inorganic Semiconductor Nanomaterials
for Flexible and Stretchable Bio-Integrated Electronics. NPG Asia Materials 2012, 4,
e15.
Kim, H. S.; Crosby, A. J., Solvent-Responsive Surface Via Wrinkling Instability. Adv.
Mater. 2011, 23, 4188-4192.
Kim, H. S.; Lee, C. H.; Sudeep, P. K.; Emrick, T.; Crosby, A. J., Nanoparticle Stripes,
Grids, and Ribbons Produced by Flow Coating. Adv. Mater. 2010, 22, 4600-4604.
Kim, J.; Yoon, J.; Hayward, R. C., Dynamic Display of Biomolecular Patterns through an
Elastic Creasing Instability of Stimuli-Responsive Hydrogels. Nat. Mater. 2010, 9,
159-164.
Kim, J. B.; Kim, P.; Pegard, N. C.; Oh, S. J.; Kagan, C. R.; Fleischer, J. W.; Stone, H. A.;
Loo, Y. L., Wrinkles and Deep Folds as Photonic Structures in Photovoltaics. Nat.
Photonics 2012, 6, 327-332.
Kim, J. H.; Seo, M.; Kim, S. Y., Lithographically Patterned Breath Figure of
Photoresponsive Small Molecules: Dual-Patterned Honeycomb Lines from a
Combination of Bottom-up and Top-down Lithography. Adv. Mater. 2009, 21,
4130-4133.
Kim, P.; Wong, T. S.; Alvarenga, J.; Kreder, M. J.; Adorno-Martinez, W. E.; Aizenberg, J.,
Liquid-Infused Nanostructured Surfaces with Extreme Anti-Ice and Anti-Frost
Performance. ACS nano 2012, 6, 6569-6577.

127

Kim, Y. H.; Lee, Y. M.; Lee, J. Y.; Ko, M. J.; Yoo, P. J., Hierarchical Nanoflake Surface
Driven by Spontaneous Wrinkling of Polyelectrolyte/Metal Complexed Films. ACS
nano 2012, 6, 1082-1093.
Kinoshita, S.; Yoshioka, S., Structural Colors in Nature: The Role of Regularity and
Irregularity in the Structure. Chemphyschem 2005, 6, 1442-1459.
Kolle, M., Structural Colours in Nature. Springer Theses-Reco 2011, 29-56.
Koo, W. H.; Jeong, S. M.; Araoka, F.; Ishikawa, K.; Nishimura, S.; Toyooka, T.; Takezoe,
H., Light Extraction from Organic Light-Emitting Diodes Enhanced by
Spontaneously Formed Buckles. Nat. Photonics 2010, 4, 222-226.
Ku, A. Y.; Ruud, J. A.; Early, T. A.; Corderman, R. R., Evidence of Ion Transport through
Surface Conduction in Alkylsilane-Functionalized Nanoporous Ceramic Membranes.
Langmuir 2006, 22, 8277-8280.
Kumar, A.; Whitesides, G. M., Patterned Condensation Figures as Optical Diffraction
Gratings. Science 1994, 263, 60-62.
Lafuma, A.; Quere, D., Superhydrophobic States. Nat. Mater. 2003, 2, 457-460.
Lan, H.; Ding, Y.; Liu, H.; Lu, B., Review of the Wafer Stage for Nanoimprint
Lithography. Microelectron. Eng. 2007, 84, 684-688.
Lee, B. P.; Messersmith, P. B.; Israelachvili, J. N.; Waite, J. H., Mussel-Inspired
Adhesives and Coatings. Annu. Rev. Mater. Res. 2011, 41, 99-132.
Lee, H.; Dellatore, S. M.; Miller, W. M.; Messersmith, P. B., Mussel-Inspired Surface
Chemistry for Multifunctional Coatings. Science 2007, 318, 426-430.
Lee, J. H.; Ro, H. W.; Huang, R.; Lemaillet, P.; Germer, T. A.; Soles, C. L.; Stafford, C.
M., Anisotropic, Hierarchical Surface Patterns Via Surface Wrinkling of
Nanopatterned Polymer Films. Nano Lett. 2012, 12, 5995-5999.
Lee, S. G.; Lee, D. Y.; Lim, H. S.; Lee, D. H.; Lee, S.; Cho, K., Switchable Transparency
and Wetting of Elastomeric Smart Windows. Adv. Mater. 2010, 22, 5013-5017.
Lee, S. G.; Lim, H. S.; Lee, D. Y.; Kwak, D.; Cho, K., Tunable Anisotropic Wettability of
Rice Leaf-Like Wavy Surfaces. Adv. Funct. Mater. 2013, 23, 547-553.
Lee, W.-K.; Engel, C. J.; Huntington, M. D.; Hu, J.; Odom, T. W., Controlled
Three-Dimensional Hierarchical Structuring by Memory-Based, Sequential
Wrinkling. Nano Lett. 2015, 15, 5624-5629.
128

Lehtinen, J.; Nuutila, J.; Lilius, E.-M., Green Fluorescent Protein-Propidium Iodide
(GFP-PI) Based Assay for Flow Cytometric Measurement of Bacterial Viability.
Cytometry, Part A 2004, 60A, 165-172.
Leskela, M.; Ritala, M., Atomic Layer Deposition Chemistry: Recent Developments and
Future Challenges. Angew. Chem., Int. Ed. 2003, 42, 5548-5554.
Li, B.; Cao, Y. P.; Feng, X. Q.; Gao, H. J., Mechanics of Morphological Instabilities and
Surface Wrinkling in Soft Materials: A Review. Soft Matter 2012, 8, 5728-5745.
Li, J. S.; Kleintschek, T.; Rieder, A.; Cheng, Y.; Baumbach, T.; Obst, U.; Schwartz, T.;
Levkin, P. A., Hydrophobic Liquid-Infused Porous Polymer Surfaces for
Antibacterial Applications. ACS Appl. Mater. Interfaces 2013, 5, 6704-6711.
Li, R. J.; Parvez, K.; Hinkel, F.; Feng, X. L.; Mullen, K., Va Bioinspired Wafer-Scale
Production of Highly Stretchable Carbon Films for Transparent Conductive
Electrodes. Angew. Chem., Int. Ed. 2013, 52, 5535-5538.
Li, X. M.; Reinhoudt, D.; Crego-Calama, M., What Do We Need for a Superhydrophobic
Surface? A Review on the Recent Progress in the Preparation of Superhydrophobic
Surfaces. Chem. Soc. Rev. 2007, 36, 1529-1529.
Li, Y. Y.; Dai, S. X.; John, J.; Carter, K. R., Superhydrophobic Surfaces from
Hierarchically Structured Wrinkled Polymers. ACS Appl. Mater. Interfaces 2013, 5,
11066-11073.
Li, Y. Y.; Peterson, J. J.; Jhaveri, S. B.; Carter, K. R., Patterned Polymer Films Via
Reactive Silane Infusion-Induced Wrinkling. Langmuir 2013, 29, 4632-4639.
Lin, P. C.; Yang, S., Mechanically Switchable Wetting on Wrinkled Elastomers with
Dual-Scale Roughness. Soft Matter 2009, 5, 1011-1018.
Lin, P. C.; Yang, S., Spontaneous Formation of One-Dimensional Ripples in Transit to
Highly Ordered Two-Dimensional Herringbone Structures through Sequential and
Unequal Biaxial Mechanical Stretching. Appl. Phys. Lett. 2007, 90, 241903-241903.
Liu, B.; He, Y. N.; Fan, Y.; Wang, X. G., Fabricating Super-Hydrophobic
Lotus-Leaf-Like Surfaces through Soft-Lithographic Imprinting. Macromol. Rapid
Commun. 2006, 27, 1859-1864.
Liu, K. S.; Jiang, L., Bio-Inspired Self-Cleaning Surfaces. Annu. Rev. Mater. Res. 2012,
42, 231-263.

129

Liu, R.; Mahurin, S. M.; Li, C.; Unocic, R. R.; Idrobo, J. C.; Gao, H. J.; Pennycook, S. J.;
Dai, S., Dopamine as a Carbon Source: The Controlled Synthesis of Hollow Carbon
Spheres and Yolk-Structured Carbon Nanocomposites. Angew. Chem., Int. Ed. 2011,
50, 6799-6802.
Liu, X. J.; Wu, W. C.; Wang, X. L.; Luo, Z. Z.; Liang, Y. M.; Zhou, F., A Replication
Strategy for Complex Micro/Nanostructures with Superhydrophobicity and
Superoleophobicity and High Contrast Adhesion. Soft Matter 2009, 5, 3097-3105.
Liu, X. M.; Deng, X. G.; Sciortino, P.; Buonanno, M.; Walters, F.; Varghese, R.; Bacon, J.;
Chen, L.; O'Brien, N.; Wang, J. J., Large Area, 38 nm Half-Pitch Grating
Fabrication by Using Atomic Spacer Lithography from Aluminum Wire Grids. Nano
Lett. 2006, 6, 2723-2727.
Liu, Y. L.; Ai, K. L.; Lu, L. H., Polydopamine and Its Derivative Materials: Synthesis and
Promising Applications in Energy, Environmental, and Biomedical Fields. Chem.
Rev. 2014, 114, 5057-5115.
Long, C. J.; Schumacher, J. F.; Brennan, A. B., Potential for Tunable Static and Dynamic
Contact Angle Anisotropy on Gradient Microscale Patterned Topographies.
Langmuir 2009, 25, 12982-12989.
Long, T. M.; Prakash, S.; Shannon, M. A.; Moore, J. S., Water-Vapor Plasma-Based
Surface Activation for Trichlorosilane Modification of Pmma. Langmuir 2006, 22,
4104-4109.
Lu, C.; Möhwald, H.; Fery, A., A Lithography-Free Method for Directed Colloidal
Crystal Assembly Based on Wrinkling. Soft Matter 2007, 3, 1530-1536.
Magin, C. M.; Cooper, S. P.; Brennan, A. B., Non-Toxic Antifouling Strategies. Mater.
Today 2010, 13, 36-44.
Mahadevan, L.; Rica, S., Self-Organized Origami. Science 2005, 307, 1740-1740.
Manfrinato, V. R.; Zhang, L. H.; Su, D.; Duan, H. G.; Hobbs, R. G.; Stach, E. A.;
Berggren, K. K., Resolution Limits of Electron-Beam Lithography toward the
Atomic Scale. Nano Lett. 2013, 13, 1555-1558.
McAlpine, M. C.; Ahmad, H.; Wang, D.; Heath, J. R., Highly Ordered Nanowire Arrays
on Plastic Substrates for Ultrasensitive Flexible Chemical Sensors. Nat. Mater. 2007,
6, 379-384.

130

McCloskey, B. D.; Park, H. B.; Ju, H.; Rowe, B. W.; Miller, D. J.; Freeman, B. D., A
Bioinspired Fouling-Resistant Surface Modification for Water Purification
Membranes. J. Membr. Sci. 2012, 413, 82-90.
Meng, L.; Su, Y.; Geng, D.; Yu, G.; Liu, Y.; Dou, R.-F.; Nie, J.-C.; He, L., Hierarchy of
Graphene Wrinkles Induced by Thermal Strain Engineering. Appl. Phys. Lett. 2013,
103, 251610.
Min, W. L.; Jiang, B.; Jiang, P., Bioinspired Self-Cleaning Antireflection Coatings. Adv.
Mater. 2008, 20, 3914-3918.
Moon, H. S.; Kim, J. Y.; Jin, H. M.; Lee, W. J.; Choi, H. J.; Mun, J. H.; Choi, Y. J.; Cha,
S. K.; Kwon, S. H.; Kim, S. O., Atomic Layer Deposition Assisted Pattern
Multiplication of Block Copolymer Lithography for 5 nm Scale Nanopatterning.
Adv. Funct. Mater. 2014, 24, 4343-4348.
Nosonovsky, M.; Bhushan, B., Hierarchical Roughness Makes Superhydrophobic States
Stable. Microelectron. Eng. 2007, 84, 382-386.
Odom, T. W.; Love, J. C.; Wolfe, D. B.; Paul, K. E.; Whitesides, G. M., Improved Pattern
Transfer in Soft Lithography Using Composite Stamps. Langmuir 2002, 18,
5314-5320.
Ohzono, T.; Matsushita, S. I.; Shimomura, M., Coupling of Wrinkle Patterns to
Microsphere-Array Lithographic Patterns. Soft Matter 2005, 1, 227-230.
Ohzono, T.; Shimomura, M., Geometry-Dependent Stripe Rearrangement Processes
Induced by Strain on Preordered Microwrinkle Patterns. Langmuir 2005, 21,
7230-7237.
Okayasu, T.; Zhang, H. L.; Bucknall, D. G.; Briggs, G. A. D., Spontaneous Formation of
Ordered Lateral Patterns in Polymer Thin-Film Structures. Adv. Funct. Mater. 2004,
14, 1081-1088.
Opdahl, A.; Kim, S. H.; Koffas, T. S.; Marmo, C.; Somorjai, G. A., Surface Mechanical
Properties of Phema Contact Lenses: Viscoelastic and Adhesive Property Changes
on Exposure to Controlled Humidity. J Biomed Mater Res A 2003, 67A, 350-356.
Ou, J. F.; Hu, W. H.; Xue, M. S.; Wang, F. J.; Li, W., Superhydrophobic Surfaces on
Light Alloy Substrates Fabricated by a Versatile Process and Their Corrosion
Protection. ACS Appl. Mater. Interfaces 2013, 5, 3101-3107.
Owens, D. K.; Wendt, R., Estimation of the Surface Free Energy of Polymers. J. Appl.
Polym. Sci. 1969, 13, 1741-1747.
131

Paivanranta, B.; Langner, A.; Kirk, E.; David, C.; Ekinci, Y., Sub-10 nm Patterning Using
EUV Interference Lithography. Nanotechnology 2011, 22.
Pan, T. R.; Wang, W., From Cleanroom to Desktop: Emerging Micro-Nanofabrication
Technology for Biomedical Applications. Ann. Biomed. Eng. 2011, 39, 600-620.
Park, H. H.; Law, W. L.; Zhang, X.; Hwang, S. Y.; Jung, S. H.; Shin, H. B.; Kang, H. K.;
Park, H. H.; Hill, R. H.; Ko, C. K., Facile Size-Tunable Fabrication of Functional
Tin Dioxide Nanostructures by Multiple Size Reduction Lithography. ACS Appl.
Mater. Interfaces 2012, 4, 2507-2514.
Park, J.-Y.; Chae, H. Y.; Chung, C.-H.; Sim, S. J.; Park, J.; Lee, H. H.; Yoo, P. J.,
Controlled Wavelength Reduction in Surface Wrinkling of Poly(Dimethylsiloxane).
Soft Matter 2010, 6, 677-684.
Park, J. H.; Choi, J. B.; Kim, H. Y.; Lee, K. Y.; Lee, J. Y., A Study on the Structural
Characterization of a-SiC: H Films by the Gas Evolution Method. Thin Solid Films
1995, 266, 129-132.
Pop-Georgievski, O.; Verreault, D.; Diesner, M. O.; Proks, V.; Heissler, S.; Rypacek, F.;
Koelsch, P., Nonfouling Poly(Ethylene Oxide) Layers End-Tethered to
Polydopamine. Langmuir 2012, 28, 14273-14283.
Qian, W. X.; Xing, R. B.; Yu, X. H.; Quan, X. J.; Han, Y. C., Highly Oriented Tunable
Wrinkling in Polymer Bilayer Films Confined with a Soft Mold Induced by Water
Vapor. J. Chem. Phys. 2007, 126.
Ra, Y. W.; Choi, K. S.; Kim, J. H.; Hahn, Y. B.; Im, Y. H., Fabrication of ZnO Nanowires
Using Nanoscale Spacer Lithography for Gas Sensors. Small 2008, 4, 1105-1109.
Rahmawan, Y.; Jang, K. J.; Moon, M. W.; Lee, K. R.; Suh, K. Y., Anti-Biofouling
Coating by Wrinkled, Dual-Roughness Structures of Diamond-Like Carbon (DLC).
BioChip J. 2009, 3, 143-150.
Rahmawan, Y.; Moon, M. W.; Kim, K. S.; Lee, K. R.; Suh, K. Y., Wrinkled, Dual-Scale
Structures of Diamond-Like Carbon (DLC) for Superhydrophobicity. Langmuir
2010, 26, 484-491.
Reif, W. E., Morphology and Hydrodynamic Effects of the Scales of Fast Swimming
Sharks. Forts Zool 1985, 30, 483-485.
Robert, C. C. R.; Buri, P. A.; Peppas, N. A., Influence of the Drug Solubility and
Dissolution Medium on the Release from Poly (2-Hydroxyethylmethacrylate)
Microspheres. J. Controlled Release 1987, 5, 151-157.
132

Saison, T.; Peroz, C.; Chauveau, V.; Berthier, S.; Sondergard, E.; Arribart, H., Replication
of Butterfly Wing and Natural Lotus Leaf Structures by Nanoimprint on Silica Sol–
Gel Films. Bioinspiration Biomimetics 2008, 3, 046004.
Sankaran, A.; Kushner, M. J., Integrated Feature Scale Modeling of Plasma Processing of
Porous and Solid SiO2. I. Fluorocarbon Etching. J. Vac. Sci. Technol., A 2004, 22,
1242-1259.
Schift, H., Nanoimprint Lithography: An Old Story in Modern Times? A Review. J. Vac.
Sci. Technol., B: Microelectron. Nanometer Struct.--Process., Meas., Phenom. 2008,
26, 458-480.
Schift, H.; Kristensen, A., Nanoimprint Lithography–Patterning of Resists Using
Molding. In Springer Handbook of Nanotechnology, Springer: 2010; pp 271-312.
Schnurer, A. U.; Holcomb, N. R.; Gard, G. L.; Castner, D. G.; Grainger, D. W.,
Photopolymerized Epoxide Copolymer Thin Films with Surfaces Highly Enriched
with Sulfonyl Fluoride Groups. Chem. Mater. 1996, 8, 1475-1481.
Schweikart, A.; Fery, A., Controlled Wrinkling as a Novel Method for the Fabrication of
Patterned Surfaces. Microchimica Acta 2009, 165, 249-263.
Segalman, R. A., Patterning with Block Copolymer Thin Films. Materials Science and
Engineering: R: Reports 2005, 48, 191-226.
Sommers, A. D.; Jacobi, A. M., Creating Micro-Scale Surface Topology to Achieve
Anisotropic Wettability on an Aluminum Surface. J. Micromech. Microeng. 2006,
16, 1571-1578.
Son, Y. K.; Jung, Y. P.; Kim, J. H.; Chung, D. J., Preparation and Properties of
Peg-Modified Phema Hydrogel and the Morphological Effect. Macromol Res 2006,
14, 394-399.
Sondergaard, R. R.; Hosel, M.; Krebs, F. C., Roll-to-Roll Fabrication of Large Area
Functional Organic Materials. J. Polym. Sci., Part B: Polym. Phys. 2013, 51, 16-34.
Spatz, J. P.; Chan, V. Z. H.; Mossmer, S.; Kamm, F. M.; Plettl, A.; Ziemann, P.; Moller,
M., A Combined Top-Down/Bottom-up Approach to the Microscopic Localization
of Metallic Nanodots. Adv. Mater. 2002, 14, 1827-1832.
Stafford, C. M.; Harrison, C.; Beers, K. L.; Karim, A.; Amis, E. J.; Vanlandingham, M. R.;
Kim, H. C.; Volksen, W.; Miller, R. D.; Simonyi, E. E., A Buckling-Based
Metrology for Measuring the Elastic Moduli of Polymeric Thin Films. Nat. Mater.
2004, 3, 545-550.
133

Sun, F.; Castner, D. G.; Mao, G.; Wang, W.; McKeown, P.; Grainger, D. W., Spontaneous
Polymer Thin Film Assembly and Organization Using Mutually Immiscible Side
Chains. J. Am. Chem. Soc. 1996, 118, 1856-1866.
Tan, H.; Gilbertson, A.; Chou, S. Y., Roller Nanoimprint Lithography. J. Vac. Sci.
Technol., B: Microelectron. Nanometer Struct.--Process., Meas., Phenom. 1998, 16,
3926-3928.
Tanaka, T.; Sun, S. T.; Hirokawa, Y.; Katayama, S.; Kucera, J.; Hirose, Y.; Amiya, T.,
Mechanical Instability of Gels at the Phase-Transition. Nature 1987, 325, 796-798.
Teisala, H.; Tuominen, M.; Aromaa, M.; Makela, J. M.; Stepien, M.; Saarinen, J. J.;
Toivakka, M.; Kuusipalo, J., Development of Superhydrophobic Coating on
Paperboard Surface Using the Liquid Flame Spray. Surf. Coat. Technol. 2010, 205,
436-445.
Teo, B. K.; Sun, X., From Top-Down to Bottom-up to Hybrid Nanotechnologies: Road to
Nanodevices. J. Cluster Sci. 2006, 17, 529-540.
Thomas, T. R. Rough Surfaces. 2nd ed.; Imperial College Press: London, 1999; p 137.
Tian, Y.; Su, B.; Jiang, L., Interfacial Material System Exhibiting Superwettability. Adv.
Mater. 2014, 26, 6872-6897.
Trujillo, V.; Kim, J.; Hayward, R. C., Creasing Instability of Surface-Attached Hydrogels.
Soft Matter 2008, 4, 564-569.
Tsibouklis, J.; Nevell, T. G., Ultra-Low Surface Energy Polymers: The Molecular Design
Requirements. Adv. Mater. 2003, 15, 647-650.
Tuteja, A.; Choi, W.; Ma, M. L.; Mabry, J. M.; Mazzella, S. A.; Rutledge, G. C.;
McKinley, G. H.; Cohen, R. E., Designing Superoleophobic Surfaces. Science 2007,
318, 1618-1622.
Vieu, C.; Carcenac, F.; Pepin, A.; Chen, Y.; Mejias, M.; Lebib, A.; Manin-Ferlazzo, L.;
Couraud, L.; Launois, H., Electron Beam Lithography: Resolution Limits and
Applications. Appl. Surf. Sci. 2000, 164, 111-117.
Volynskii, A. L.; Bazhenov, S.; Lebedeva, O. V.; Bakeev, N. F., Mechanical Buckling
Instability of Thin Coatings Deposited on Soft Polymer Substrates. J Mater Sci
2000, 35, 547-554.

134

Wagner, S.; Lacour, S. P.; Jones, J.; Hsu, P. H. I.; Sturm, J. C.; Li, T.; Suo, Z. G.,
Electronic Skin: Architecture and Components. Physica E-Low-Dimensional
Systems & Nanostructures 2004, 25, 326-334.
Weber, T.; Kasebier, T.; Szeghalmi, A.; Knez, M.; Kley, E. B.; Tunnermann, A., High
Aspect Ratio Deep UV Wire Grid Polarizer Fabricated by Double Patterning.
Microelectron. Eng. 2012, 98, 433-435.
Wei, W.; Liang, H. W.; Parvez, K.; Zhuang, X. D.; Feng, X. L.; Mullen, K.,
Nitrogen-Doped Carbon Nanosheets with Size-Defined Mesopores as Highly
Efficient Metal-Free Catalyst for the Oxygen Reduction Reaction. Angew. Chem.,
Int. Ed. 2014, 53, 1570-1574.
Wenzel, R. N., Resistance of Solid Surfaces to Wetting by Water. Ind. Eng. Chem. 1936,
28, 988-994.
Wong, T. S.; Kang, S. H.; Tang, S. K. Y.; Smythe, E. J.; Hatton, B. D.; Grinthal, A.;
Aizenberg, J., Bioinspired Self-Repairing Slippery Surfaces with Pressure-Stable
Omniphobicity. Nature 2011, 477, 443-447.
Wu, L. Y. L.; Shao, Q.; Wang, X. C.; Zheng, H. Y.; Wong, C. C., Hierarchical Structured
Sol-Gel Coating by Laser Textured Template Imprinting for Surface
Superhydrophobicity. Soft Matter 2012, 8, 6232-6238.
Wu, S. Polymer Interface and Adhesion. Marcel Dekker, Inc. : New York, , 1982; p 151.
Xia, D.; Johnson, L. M.; Lopez, G. P., Anisotropic Wetting Surfaces with
One-Dimensional and Directional Structures: Fabrication Approaches, Wetting
Properties and Potential Applications. Adv. Mater. 2012, 24, 1287-302.
Xiao, D. Q.; Zhang, H.; Wirth, M., Chemical Modification of the Surface of
Poly(Dimethylsiloxane) by Atom-Transfer Radical Polymerization of Acrylamide.
Langmuir 2002, 18, 9971-9976.
Xiao, L. L.; Li, J. S.; Mieszkin, S.; Di Fino, A.; Clare, A. S.; Callow, M. E.; Callow, J. A.;
Grunze, M.; Rosenhahn, A.; Levkin, P. A., Slippery Liquid-Infused Porous Surfaces
Showing Marine Antibiofouling Properties. ACS Appl. Mater. Interfaces 2013, 5,
10074-10080.
Xu, B.; Chen, D.; Hayward, R. C., Mechanically Gated Electrical Switches by Creasing
of Patterned Metal/Elastomer Bilayer Films. Adv. Mater. 2014, 26, 4381-4385.

135

Xue, C. H.; Jia, S. T.; Zhang, J.; Ma, J. Z., Large-Area Fabrication of Superhydrophobic
Surfaces for Practical Applications: An Overview. Sci. Technol. Adv. Mater. 2010, 11,
033002.
Xue, C. H.; Jia, S. T.; Zhang, J.; Ma, J. Z., Topical Review: Large-Area Fabrication of
Superhydrophobic Surfaces for Practical Applications: An Overview. Sci. Technol.
Adv. Mater. 2010, 11, 3002.
Yang, S.; Khare, K.; Lin, P. C., Harnessing Surface Wrinkle Patterns in Soft Matter. Adv.
Funct. Mater. 2010, 20, 2550-2564.
Ye, Q.; Zhou, F.; Liu, W. M., Bioinspired Catecholic Chemistry for Surface Modification.
Chem. Soc. Rev. 2011, 40, 4244-4258.
Yin, J.; Lu, C., Hierarchical Surface Wrinkles Directed by Wrinkled Templates. Soft
Matter 2012, 8, 6528-6534.
Yin, J.; Yague, J. L.; Eggenspieler, D.; Gleason, K. K.; Boyce, M. C., Deterministic
Order in Surface Micro-Topologies through Sequential Wrinkling. Adv. Mater. 2012,
24, 5441-5446.
Yoon, J.; Kim, J.; Hayward, R. C., Nucleation, Growth, and Hysteresis of Surface
Creases on Swelled Polymer Gels. Soft Matter 2010, 6, 5807-5816.
Young, T., An Essay on the Cohesion of Fluids. Philos. Trans. R. Soc. London 1805,
65-87.
Yu, Z. N.; Wu, W.; Chen, L.; Chou, S. Y., Fabrication of Large Area 100 nm Pitch
Grating by Spatial Frequency Doubling and Nanoimprint Lithography for
Subwavelength Optical Applications. J. Vac. Sci. Technol., B: Microelectron.
Nanometer Struct.--Process., Meas., Phenom. 2001, 19, 2816-2819.
Zangmeister, R. A.; Morris, T. A.; Tarlov, M. J., Characterization of Polydopamine Thin
Films Deposited at Short Times by Autoxidation of Dopamine. Langmuir 2013, 29,
8619-8628.
Zhang, F. X.; Low, H. Y., Anisotropic Wettability on Imprinted Hierarchical Structures.
Langmuir 2007, 23, 7793-7798.
Zhang, J.; Sun, Z.; Yang, B., Self-Assembly of Photonic Crystals from Polymer Colloids.
Current Opinion in Colloid & Interface Science 2009, 14, 103-114.

136

Zhang, L.; Lang, X.; Hirata, A.; Chen, M., Wrinkled Nanoporous Gold Films with
Ultrahigh Surface-Enhanced Raman Scattering Enhancement. ACS nano 2011, 5,
4407-4413.
Zhang, X.; Shi, F.; Niu, J.; Jiang, Y. G.; Wang, Z. Q., Superhydrophobic Surfaces: From
Structural Control to Functional Application. J. Mater. Chem. 2008, 18, 621-633.
Zhang, Z. Q.; Zhang, T.; Zhang, Y. W.; Kim, K. S.; Gao, H. J., Strain-Controlled
Switching of Hierarchically Wrinkled Surfaces between Superhydrophobicity and
Superhydrophilicity. Langmuir 2012, 28, 2753-2760.
Zhou, F.; Liu, W. M.; Hao, J. C.; Xu, T.; Chen, M.; Xue, Q. J., Fabrication of Conducting
Polymer and Complementary Gold Microstructures Using Polymer Brushes as
Templates. Adv. Funct. Mater. 2003, 13, 938-942.
Zhou, R.; Ren, P. F.; Yang, H. C.; Xu, Z. K., Fabrication of Antifouling Membrane
Surface by Poly(Sulfobetaine Methacrylate)/Polydopamine Co-Deposition. J.
Membr. Sci. 2014, 466, 18-25.

137

